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I n  October 1980 t h e  Lewis Research Center  sponsored a  workshop on t h e  
prob lem o f  p r e d i c t i n g  l o c a l  hea t  t r a n s f e r  i n  a  gas t u r b i n e .  The workshop 
s t r o n g l y  recommended f u r t h e r  s tudy  o f  t h e  t r a n s i t i o n  mechanism i n  t u r b i n e  
a i r f o i l s .  On t h e  s t r e n g t h  o f  t h a t  recommendation a  program, i n v o l v i n g  b o t h  
in-house and u n i v e r s i t y  g r a n t  research, was begun t o  dea l  w i t h  t h a t  i ssue .  
B r i e f  p rogress  r e p o r t s  on t h i s  research were presented a t  t h e  beg inn ing  o f  
t h i s  symposium. An i n v i t e d  l e c t u r e  by Pro fessor  Mark Morkovin gave us a 
g l impse  o f  t h e  c u r r e n t  unders tanding o f  t r a n s i t i o n  i n i t i a t i o n .  He i n t r oduced  
t h e  concept o f  a  l a rge -d i s t u rbance  "bypass" mechanism f o r  t h e  i n i t i a t i o n  o f  
t r a n s i t i o n .  Th i s  mechanism, o r  some m a n i f e s t a t i o n  t h e r e o f ,  i s  suspected t o  be 
a t  work i n  t h e  boundary l a y e r s  p resen t  i n  a  t u r b i n e  f l o w  passage. 
W i t h  t h i s  background we formed smal l  groups t o  focus on f o u r  r e l e v a n t  
sub top ics :  
( 1 )  The e f f e c t  o f  upstream d is tu rbances  and wakes on t r a n s i t i o n  
( 2 )  T r a n s i t i o n  p r e d i c t i o n  models, code development, and v e r i f i c a t i o n  
( 3 )  T r a n s i t i o n  and t u rbu lence  measurement techniques 
( 4 )  The hydrodynamic c o n d i t i o n  o f  low-Reynolds-number boundary l a y e r s  
Each group eva lua ted  t h e  c u r r e n t  s t a t u s  o f  i t s  t o p i c  and cons idered research 
t h a t  would advance knowledge i n  t h a t  t o p i c .  The c o l l e c t i v e  progress advanced 
o u r  unders tanding o f  t h e  t r a n s i t i o n  mechanism. 
Rober t  W. Graham 
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Much o f  t h e  research on t r a n s i t i o n  i n  boundary l aye rs  has r e l a t e d  t o  t h e  
fuselage, wings, o r  ex te rna l  c o n t r o l  surfaces o f  a i r c r a f t .  An i n t e r e s t i n g  
problem i n  ex terna l  aerodynamics o r  f l u i d  mechanics, i t  has a t t r a c t e d  many 
researchers. T r a n s i t i o n  i n  boundary l aye rs  determines t h e  l i f t ,  drag, and con- 
t r o l  c h a r a c t e r i s t i c s  o f  an a i r c r a f t .  Much has been learned about t h e  c o n t r o l  
o f  t r a n s i t i o n ,  and t h i s  has con t r i bu ted  t o  t h e  design o f  low-drag a i r f o i l s  f o r  
a i r c r a f t .  The quest ion o f  heat load on a  supersonic a i r c r a f t  o r  a  reen t r y  
veh i c le  in t roduced another major concern r e l a t e d  t o  t r a n s i t i o n .  As i s  w e l l  
known, t he re  i s  a discont inuous jump i n  heat t r a n s f e r  between laminar  and t u r -  
bu len t  boundary l aye rs  a t  a g iven Reynolds number over a  subs tan t i a l  Reynolds 
number range. The b l u n t  reen t r y  shape o f  crew capsules from Mercury t o  Apo l lo  
r e s u l t e d  from research t h a t  proved a  laminar  boundary l a y e r  w i t h  minimum heat 
t r a n s f e r  would e x i s t  over t he  b l u n t  lead ing  surface. 
The fundamental research i n s p i r e d  by t h e  boundary-layer t r a n s i t i o n  problem 
has y ie lded  s i g n i f i c a n t  i n fo rma t ion  about t he  t r a n s i t i o n  mechanism. Those who 
p a r t i c i p a t e d  i n  t h i s  research are  aware o f  t h e  g rea t  chal lenge and d i f f i c u l t y  
involved.  A t  l e a s t  a  decade o f  i n t e n s i v e  research and study by many competent 
researchers was requ i red  before the  i n i t i a l  a n a l y t i c a l  model o f  t h e  mechanism 
was achieved. Small-disturbance theory  has been employed as an a n a l y t i c a l  t o o l  
i n  p r e d i c t i n g  the  onset o f  t u r b u l e n t  burs ts  t h a t  mark t h e  beginning o f  t r a n s i -  
t i o n  i n  a  boundary l a y e r .  
FLOW ENVIRONMENT 
Bypass T r a n s i t i o n  
It i s  o f  p a r t i c u l a r  s i g n i f i c a n c e  t o  t h i s  symposium t o  understand how t u r -  
bulence i s  i n i t i a t e d  i n  boundary l aye rs  by l a r g e  disturbances i n  t he  f r e e  
stream. This type o f  t r a n s i t i o n  mechanism has been c a l l e d  t h e  bypass mode. 
Professor Morkovin summarized t h e  s ta tus  o f  t r a n s i t i o n  theory  and e laborated 
on t h e  bypass mode. Several o f  t h e  progress repo r t s  on cu r ren t  research pre- 
sented a t  t h i s  symposium descr ibe e f f o r t s  t o  accrue more in fo rmat ion  about t he  
na ture  o f  t he  bypass ( o r  l a r g e  d is turbance)  mode. 
Upstream Disturbances 
I n  addressing t h e  s p e c i f i c  problem o f  t r a n s i t i o n  i n  a  gas tu rb ine ,  i t  can 
be assumed t h a t  t he  h o t  gases en te r i ng  t h e  t u r b i n e  a re  i n  a  h i g h l y  d i s tu rbed  
s t a t e  and t h a t  t h e  bypass mode i s  t h e  l i k e l y  t r a n s i t i o n  mechanism. This 
assumption i s  j u s t i f i e d  by consider ing t h e  f l o w  h i s t o r y  o f  t h e  gases before 
they  en te r  t he  t u r b i n e .  I n  e i t h e r  a  f l i g h t  o r  s t a t i o n a r y  gas t u r b i n e  t h e  gases 
a r e  compressed s h o r t l y  a f t e r  be ing  ingested,  by  e i t h e r  an a x i a l  o r  a  c e n t r i f u -  
g a l  compressor. The staged b l a d i n g  and s t r u t s  i n t r o d u c e  unsteadiness and wake 
d i s t u rbances  i n t o  t h e  f l ow .  Some e a r l y  r e s u l t s  o f  a  Lewis s tudy  t o  s imu la te  
wake c o n d i t i o n  e f f e c t s  on hea t  t r a n s f e r  were presented a t  t h i s  symposium. 
Most of t h e  h igh-pressure gas then  en te r s  t h e  combustor, where f u e l  i n j e c -  
t i o n ,  hea t  a d d i t i o n ,  and induced m i x i n g  c o n t r i b u t e  t o  f l o w  unsteadiness.  
Model ing t h e  complex i n t e r a c t i o n  o f  f l u i d  mechanics and chemical  r e a c t i o n  dur-  
i n g  combust ion i s  r e c e i v i n g  cons iderab le  a t t e n t i o n  a t  Lewis, and some r e s u l t s  
were r e p o r t e d  a t  t h i s  symposium. 
By t h e  t i m e  t h e  gas has been compressed and burned, i t  i s  d i f f i c u l t  t o  
d e s c r i b e  i t s  c o n d i t i o n  i n  conven t iona l  f l u i d  mechanics t e rm ino logy  r e l a t i n g  t o  
t u rbu lence .  C e r t a i n l y  t h e  gas f l o w  i s  n o t  s teady and t h e  eddy s t r u c t u r e  i s  f a r  
f r om  be ing  homogeneous tu rbu lence .  I n  f a c t ,  t h e  t e rm  " t u rbu lence "  may be com- 
p l e t e l y  i n a p p r o p r i a t e  i n  d e s c r i b i n g  t h e  c o n d i t i o n  o f  t h e  gas. The usual  
sources o f  t u rbu lence  i n  a  c l a s s i c a l  exper iment  may be r e l a t i v e l y  un impor tan t  
i n  a  t u r b i n e .  Such terms as t u rbu lence  i n t e n s i t y  can have meanings i n  t h e  
t u r b i n e  f l o w  regime t h a t  a re  e n t i r e l y  d i f f e r e n t  f r om  those  assoc ia ted  w i t h  
e x t e r n a l  f l o w  aerodynamics. 
I n  a  paper pub l i shed  i n  1975, R.L. Evans proposed t h r e e  d e f i n i t i o n s  o f  
f l o w  d i s t u rbance  w i t h  regard  t o  turbomachinery.  The ca tego r i es  i nc l uded  an 
o v e r a l l  d i s t u rbance  l e v e l ,  i n  which t h e  t o t a l  f l u c t u a t i o n  i n  v e l o c i t y  V '  was 
norma l i zed  w i t h  r espec t  t o  an average f l o w  v e l o c i t y  u; a f ree-s t ream tu rbu -  
l ence  l e v e l ,  i n  which t h e  t u rbu lence  f l u c t u a t i o n  v '  was normal ized w i t h  
r espec t  t o  u; and an unsteadiness l e v e l ,  which r e l a t e d  t h e  d i f f e r e n c e  between 
t h e  ins tan taneous  v e l o c i t y  and an average v e l o c i t y  a t  t h a t  i n s t a n t  normal ized 
w i t h  r espec t  t o  a  t ime-averaged v e l o c i t y .  A l though such d e f i n i t i o n s  do n o t  
e l i m i n a t e  a l l  o f  t h e  problems i n  d e s c r i b i n g  o r  q u a n t i f y i n g  t h e  d is tu rbances ,  
t h e y  suggest t h a t  t h e  conven t iona l  d e f i n i t i o n s  o f  t u rbu lence  a r e  n o t  p rope r  o r  
adequate. 
More consequen t ia l  t han  t h e  d e f i n i t i o n  a r e  how t h e  d is tu rbances  and 
unsteadiness a f f e c t  t h e  l o c a l  hea t  t r a n s f e r  r a t e s  on t h e  t u r b i n e  sur faces .  An 
a x i a l - f l o w  t u r b i n e  has approx imate ly  100 a i r f o i l - s h a p e d  b lades.  Because each 
b l ade  develops i t s  own boundary l a y e r ,  t r a n s i t i o n  occurs on each b lade.  The 
unsteadiness and d is tu rbances  i n  t h e  f l o w  f i e l d  ahead o f  t h e  t u r b i n e  i n f l u e n c e  
t h e  development o f  t h e  boundary l a y e r s  and t h e  t r a n s i t i o n  process i t s e l f .  
S ince  hea t  t r a n s f e r  occurs across t h e  boundary l a y e r ,  anomalous hea t  t r a n s f e r  
c o n d i t i o n s  can occur  anywhere on t h e  b lade.  Genera l l y  t h e  hea t  t r a n s f e r  ove r  
t h e  l e a d i n g  edge o f  t h e  b lade  exceeds t h a t  p r e d i c t e d  by  s t agna t i on  f l o w  t h e o r y  
Designers r e s o r t  t o  augmentat ion c o e f f i c i e n t s  t o  account f o r  these h i g h e r  l e v -  
e l s  o f  hea t  t r a n s f e r .  Depending on t h e  p r a c t i c e  and judgment o f  t h e  des igner ,  
t h e  augmentat ion f a c t o r  can vary  f rom 20 t o  80 pe rcen t  above t h e  re fe rence  
l e v e l  o f  hea t  t r a n s f e r  assoc ia ted  w i t h  qu iescen t  f l ow .  NASA s t u d i e s  o f  t h i s  
p a r t i c u l a r  hea t  t r a n s f e r  problem a r e  r epo r t ed  i n  t h i s  proceedings. 
Horseshoe V o r t i c e s  
Upstream of t h e  i n t e r s e c t i o n  o f  t h e  b lades ( o r  vanes) w i t h  t h e  hub o r  
cas i ng  w a l l ,  an unusual v o r t e x  f l o w  p a t t e r n  dev'elops t h a t  has a  marked e f f e c t  
on l o c a l  hea t  t r a n s f e r .  The v o r t e x  bends i n t o  a  bow wave, o r  horseshoe, shape. 
'he sc rubb ing  a c t i o n  o f  t h e  vo r t ex  augments l o c a l  hea t  t r a n s f e r ,  and t h e  t r a i l -  
ng edges become a  p a r t  o f  t h e  secondary f l o w  p a t t e r n  t h a t  moves f rom t h e  p res -  
u r e  su r f ace  o f  one b lade  t o  t h e  s u c t i o n  su r f ace  o f  an ad jacen t  b lade.  The 
r o l e  o f  t h i s  v o r t e x  p a t t e r n  i n  de te rm in i ng  t h e  n a t u r e  o f  t h e  boundary l a y e r s  
on t h e  w a l l  o r  hub and on t h e  b lade  su r f ace  i s  n o t  w e l l  understood. It can be 
cons idered  as one o f  many f l o w  d is tu rbances  t h a t  i n f l u e n c e  t h e  l am ina r  o r  t u r -  
b u l e n t  c h a r a c t e r i s t i c s  o f  t h e  boundary l a y e r s .  Heat t r a n s f e r  near  t h e  horse- 
shoe v o r t e x  has been measured r e c e n t l y  a t  Rensselaer Po ly techn ic  I n s t i t u t e ,  as 
summarized i n  t h i s  proceedings. 
Curva tu re  E f f e c t s  
Another  f l o w  phenomenon i n  t h e  , t u r b i n e  b l ade  rows i s  t h e  r a p i d  t u r n i n g  o f  
t h e  f l o w  over  a  broad angle.  Depending on which su r f ace  o f  t h e  t u r b i n e  b l ade  
i s  be ing  examined, t h e  cu r va tu re  i s  convex o r  concave. As has been observed 
i n  resea.rch on curved channels,  a  convex su r f ace  a t t enua tes  t h e  eddy s t r u c t u r e  
o f  t h e  boundary l a y e r .  I n  c o n t r a s t ,  a  concave su r f ace  enhances t u rbu lence .  
Obv ious ly  c u r v a t u r e  has a  s i g n i f i c a n t  i n f l u e n c e  on t h e  t r a n s i t i o n  process i n  
t u r b i n e  boundary l a y e r s .  
Acce le ra t i on -Dece le ra t i on  
I n  a d d i t i o n  t o  cu r va tu re  e f f e c t s  t h e  b l ade  boundary l a y e r s  a r e  s u b j e c t  t o  
severe v e l o c i t y  g r a d i e n t s  ( a c c e l e r a t i o n s  and d e c e l e r a t i o n s ) .  It i s  w e l l  known 
t h a t  t h e  t u r b u l e n t  s t r u c t u r e  i n  a  boundary l a y e r  i s  a f f e c t e d  by v e l o c i t y  gra-  
d i e n t s .  A c c e l e r a t i o n  i s  a  s t a b i l i z i n g  i n f l u e n c e  t h a t  a t t enua tes  t h e  i n t e n s i t y  
by s t r e t c h i n g  o r  s t r a i n i n g  t h e  eddies.  Dece le ra t i on  tends t o  be d e s t a b i l i z i n g  
and t hus  promotes tu rbu lence .  
TRANSITION MODELS 
I n  a  t u r b i n e  a l l  o f  t h e  aforement ioned e f f e c t s  opera te  s imu l taneous ly .  
Two ( o r  more) e f f e c t s  may r e i n f o r c e  o r  cancel  each o the r .  It i s  d i f f i c u l t  t o  
make p r e d i c t i o n s  t h a t  comprehend a l l  o f  these  e f f e c t s  and t h e i r  i n t e r a c t i o n s .  
At tempts  have been made t o  use boundary- layer codes t o  p r e s c r i b e  t r a n s i t i o n  
c r i t e r i a  t h a t  enable t h e  codes t o  s h i f t  f r om  l am ina r  t o  t u r b u l e n t  c a l c u l a t i o n s .  
Some o f  these  at tempts ,  r epo r t ed  he re i n ,  were n o t  s a t i s f a c t o r y .  Whi le  be ing  
c a r e f u l  t o  d i s t i n g u i s h  t u r b i n e  f l o w  unsteadiness and s t o c h a s t i c  e f f e c t s  f r om  
c l a s s i c a l  tu rbu lence ,  we cannot d ismiss  t h e  s i g n i f i c a n t  e f f o r t s  i n  t h e  model ing 
o f  c l a s s i c a l  tu rbu lence .  Computat ional  methods and modern computer systems 
have enabled model ing e f f o r t s  once though t  beyond p o s s i b i l i t y .  Turbulence 
model ing i s  be ing  pursued a t  Lewis i n  t h e  acknowledged t r a n s i t i o n  domain. 
CONCLUDING REMARKS 
I have at tempted t o  i d e n t i f y  some o f  t h e  p h y s i c a l  e f f e c t s  o f  t u rbu lence  
and t o  p o r t r a y  t h e  comp lex i t y  o f  t h e  t r a n s i t i o n  mechanism. There a re  more 
v a r i a b l e s  and more p h y s i c a l  e f f e c t s  than  one cares t o  dea l  w i t h  f o r  any prob- 
lem. Our t a s k  i s  t o  s e l e c t  t h e  h i g h e s t  o r d e r  e f f e c t s  and t o  determine what 
must be lea rned  i n  o r d e r  t o  i nc rease  o u r  unders tanding.  

COMBUSTOR TURBULENCE 
C. John Marek 
Nat iona l  Aeronaut ics and Space Admin i s t ra t i on  
Lewis Research Center 
Cleveland, Ohio 44135 
The tu rbu lence en te r i ng  t h e  t u r b i n e  i s  produced i n  t h e  combustor. High 
tu rbu lence l e v e l s  from t h e  combustor can a l t e r  t h e  l o c a t i o n  o f  t h e  t r a n s i t i o n  
p o i n t  on t h e  t u r b i n e  vane. The dynamics o f  tu rbu lence and t h e  progress being 
made i n  computing t h e  f l o w  are  discussed. 
The c o n t r a c t i o n  between a  combustor ( f i g .  1 )  and a  t u r b i n e  i n l e t  can be 
anywhere from 50 percent  on advanced engines t o  75 percent  (25-percent open 
area) on o l d e r  engines. E f f e c t i v e  blockages o f  t h e  combustor a re  about 
75 percent .  Combustors operate a t  re fe rence v e l o c i t i e s  o f  30 m/sec w i t h  
incoming d i l u t i o n  j e t  v e l o c i t i e s  o f  120 m/sec. 
Only a  few measurements have been made o f  combustor turbulence,  and these 
have u s u a l l y  been a t  t h e  combustor e x i t .  I n  1979 tu rbu lence was measured a t  
t h e  e x i t  o f  a  T-63 combustor ( r e f .  1) w i t h  75-percent c o n t r a c t i o n  ( f i g .  2).  
With combustion and a t  isothermal  cond i t ions ,  t y p i c a l  tu rbu lence l e v e l s  were 6 
t o  10 percent .  These data were taken w i t h  a  l a s e r  Doppler ve loc imet ry  (LDV) 
system, and t h e  v e l o c i t y  p r o b a b i l i t y  d i s t r i b u t i o n  was f i t t e d  t o  a  Gaussian 
( f i g .  3 ) .  The tu rbu lence i n t e n s i t y  i s  t h e  standard d e v i a t i o n  o f  t h e  sample. 
A t  f l i g h t  i d l e  cond i t ions  t h e  tu rbu lence l e v e l  was 7  percent .  The p r o b a b i l i t y  
d i s t r i b u t i o n  tended t o  be Gaussian over  a wide range o f  v e l o c i t y .  Therefore 
t h e  p r o b a b i l i t y  o f  an event o r  o f  a  g iven  v e l o c i t y  being d i f f e r e n t  f rom t h e  
mean cou ld  be determined. 
Data presented a t  a  recent  meeting on ho t -sec t ion  technology (HOST) 
( f i g .  4 )  show LDV measurements taken a t  t h e  e x i t  o f  a  combustor i n  a  f r e e  j e t  
( f i g .  5 ) .  Again, t h e  combustor had 75-percent c o n t r a c t i o n  ( o r  25-percent open 
area).  The nozzle was 50 mm i n  diameter, and t h e  measurements were taken 
60 mm, o r  1.2 j e t  diameters, downstream. I n  c o l d  f l o w  t h e  tu rbu lence i n t e n s i t y  
was 8 percent  on t h e  c e n t e r l i n e  and 50 percent  a t  t h e  edge. The h ighe r  values 
show t h e  i n f l u e n c e  o f  t h e  mix ing  wake on turbulence.  I n  h o t  f l o w  t h e  tu rbu -  
lence i n t e n s i t y  was 9  percent  i n  t h e  core  region,  so i t  d i d  n o t  inc rease much 
w i t h  combustion. The exhaust v e l o c i t y ,  o f  course, went f rom 60 m/sec i n  c o l d  
f l o w  t o  220 m/sec w i t h  combustion. 
For a  simple round j e t  t he  tu rbu lence i n t e n s i t y  was normal ized w i t h  t h e  
c e n t e r l i n e  v e l o c i t y ,  w i t h  peak values o f  20 percent  and dropping o f f  toward t h e  
edge ( f i g .  6 ( a ) ) .  The a x i a l  d i s t r i b u t i o n  o f  t h e  maximum turbu lence i n t e n s i t y  
( f i g .  6 ( b ) )  showed lower values below Z/D = 10, represent ing  t h e  p o t e n t i a l  
core. 
The tu rbu lence i n t e n s i t i e s  f o r  a  combustor exhaust a re  about 10 percent  
f o r  75-percent con t rac t i on .  Future engines w i l l  probably  be designed w i t h  
c l ose  t o  50-percent con t rac t i on .  Turbulence increases w i t h  decreasing contrac-  
t i o n .  For  10-percent tu rbu lence i n  t h e  exhaust t he  combustor turbulence would 
be 40 percent;  so engines w i t h  50-percent con t rac t i on  would have a  t u r b i n e  
i n l e t  turbulence o f  20 percent.  
A motion p i c t u r e  o f  t h e  dynamics o f  combustor turbulence was taken a t  t he  
U n i v e r s i t y  o f  C a l i f o r n i a ,  Berkeley. The motion p i c t u r e  (C-315) i s  a v a i l a b l e  
on loan from the  NASA Lewis Research Center by sending i n  t h e  request card a t  
t h e  end of t h i s  document. Some s t i  11 photographs from t h e  motion p i c t u r e  
( f i g .  7) show large-scale s t ruc tu res .  The premixed propane-air  f lowed a t  
20 m/sec through a  two-dimensional nozzle over a  rearward-facing step. The 
s tep  was 2.5 cm h igh  and 17.8 cm deep. As t he  f u e l - a i r  r a t i o  o f  t h e  mix ture  
was increased, t h e  f lame speed increased. I n s t a b i l i t y  occurred and t h e  flame 
f lashed over t he  l i p .  The boundary l a y e r  on t h e  nozzle l i p  went through t r a n -  
s i t i o n ,  probably caused by t h e  f l o w  i n s t a b i l i t y  a r i s i n g  f rom t h e  dynamics o f  
t h e  combustion process. The dynamics o f  t h e  f l o w  i s  ev ident  i n  t h e  motion 
p i c t u r e .  I n  t h e  nex t  sequence ( f i g .  7 (b ) )  an a d d i t i o n a l  s tep was placed i n  t h e  
exhaust t o  determine the  e f f e c t  o f  con t rac t i on  on t h e  tu rbu lence l eav ing  the  
combustor. The step produced a  50-percent con t rac t i on .  Amazingly, t h e  tu rbu-  
lence unwound and went s t r a i g h t  i n t o  the  con t rac t i on .  The s i z e  o f  t h e  tu rbu-  
lence s t r u c t u r e s  was t a i l o r e d  by the  duc t  t o  t h e  s i z e  o f  t h e  a v a i l a b l e  duc t  
he igh t .  Flashback occurred a t  a  d i f f e r e n t  f u e l - a i r  r a t i o  than i t  d i d  w i thou t  
t h e  downstream step. The s t r u c t u r e  o f  t he  f lame f r o n t  and t h i s  p a r t i c u l a r  wave 
were q u i t e  d i f f e r e n t  f rom t h e  f l o w  w i thou t  t he  downstream step. The term 
uwavell i s  used because o f  t he  i n f l uence  o f  t h e  downstream step on t h e  flow, 
which was a t  the  same v e l o c i t y  as i n  t he  sequence w i t h  t h e  s i n g l e  s tep.  Color  
sch l i e ren  photography a t  6000 frames/sec was used, and frame d u p l i c a t i o n  was 
used t o  slow down an event. The sch l i e ren  system i s  s e n s i t i v e  t o  smal l  tem- 
pera ture  grad ien ts .  I n  t he  motion p i c t u r e  t h e  combustion zone i s  t h e  b lack 
reg ion  and t h e  regions o f  unburned gas and the  reacted gas underneath t h e  step 
appear b lue.  
The f i n a l  sequences o f  t h e  motion p i c t u r e  present  random vortexes calcu-  
l a t e d  by t h e  method o f  Chorin. The turbulence i s  q u i t e  dynamic. It i s  hard 
t o  p r e d i c t  t h e  f lashback cond i t i on .  By us ing the  Chorin technique t u r b u l e n t  
f l o w  can be computed w i t h  and w i thou t  combustion. 
Without combustion large-scale turbulence s t ruc tu res  as w e l l  as much f i n e r  
tu rbu lence scales were present  ( f i g .  8) .  As t h e  Reynolds number increased, t h e  
sca le  o f  turbulence became f i n e r .  Turbulence would be expected t o  increase 
w i t h  combustion. However, as t h e  temperature rose from 600 t o  1600 K t h e  v i s -  
c o s i t y  went up by a  f a c t o r  o f  10, so t h e  Reynolds number a c t u a l l y  went down. 
You might  then expect t h a t  turbulence would decrease. 
I n  a  frequency spectrum taken w i t h  a  high-response pressure t ransducer  
j u s t  downstream o f  a  t y p i c a l  s w i r l  can combustor, most o f  t h e  frequencies were 
below 2000 Hz ( f i g .  9 ) .  Few in tense peaks occurred. As t h e  pressure was 
increased from 700 t o  1420 kPa (7  t o  14 atm), t he  Reynolds number and t h e  
energy i n  t h e  h igher  frequencies increased. I n  an engine t h e  combustor veloc- 
i t y  remains nea r l y  constant  and the  mass f l o w  increases w i t h  pressure. How- 
ever, w i t h  a l l  o f  t h e  dynamics the  turbulence d i d  n o t  change s i g n i f i c a n t l y .  
The progress being made toward computing turbulence i s  discussed i n  d e t a i l  
i n  references 3 and 4. Reference 3  g ives the  t h e o r e t i c a l  background and 
reference 4  presents the  computer program MIMOC used t o  compute t h e  two- 
dimensional unsteady f low.  
I n  t h e  MIMOC method two types o f  f i n i t e  vor tex  elements a re  in t roduced 
( f i g .  10) .  A vor tex  sheet i s  a  l i n e  vor tex .  Sheets a re  in t roduced a t  t h e  w a l l  
t o  s a t i s f y  t h e  n o - s l i p  boundary c o n d i t i o n  and t o  s imulate t h e  generat ion o f  
tu rbu lence a t  t h e  w a l l .  When a  sheet moves o u t  o f  a  boundary l a y e r  o f  t h i c k -  
ness dS, i t  becomes a  vor tex  b lob  and i t s  image. The v o r t i c e s  a re  moved 
w i t h  a  p a r t i c u l a r  var iance. The var iance o f  t h e  Gaussian d i s t r i b u t i o n  i s  pro-  
p o r t i o n a l  t o  t h e  t ime  s tep  and i n v e r s e l y  p ropo r t i ona l  t o  t h e  Reynolds number. 
The v o r t i c e s  move a  d is tance AZ, which i s  t h e  sum o f  t h e  convected d is tance 
and t h e  random motion. A reduced-time coord ina te  system i s  used. The reduced 
t ime  T i s  t h e  t ime t m u l t i p l i e d  by t h e  i n l e t  channel v e l o c i t y  Uo and 
d i v i d e d  by t h e  duc t  he igh t  H. The Reynolds number i s  a l s o  de f ined  i n  terms 
o f  H. The mot ion o f  each vo r tex  b lob  ( f i g .  11) i s  computed f rom t h e  l o c a l  
v e l o c i t y  created by a l l  o f  t h e  o t h e r  elements p lus  t h e  Gaussian random walk.  
Comparing t h e  experimental  data and t h e  random vor tex  method shows good 
agreement f o r  t h e  mean v e l o c i t i e s  ( f i g .  12) b u t  poorer  agreement f o r  t h e  t u r -  
bulence i n t e n s i t i e s  normal ized by t h e  i n l e t  v e l o c i t y  ( f i g .  13).  Remember t h a t  
these computations i nc lude  no tu rbu lence constants b u t  on l y  t h e  tu rbu lence gen- 
e ra ted  by t h e  fundamental equat ions. I n t e n s i t y  peaks a t  about 20 t o  30 percent  
i n  t h e  shear l a y e r  f o r  bo th  t h e  nonreact ing and r e a c t i n g  f lows.  The Reynolds 
number i n  t h i s  comparison i s  22 000. For r e a c t i n g  f l o w  t h e  peak i n  i n t e n s i t y  
s h i f t e d  down i n t o  t h e  r e c i r c u l a t i o n  reg ion  and t h e  r e c i r c u l a t i o n  reg ion  shor t -  
ened w i t h  reac t i on .  
The t ime h i s t o r y  o f  t h e  ca l cu la ted  v e l o c i t y  a t  a  p o i n t  i n  t h e  f l o w  
( f i g .  14) looks r e a l i s t i c ,  l i k e  t h e  s igna l  f rom a  ho t  w i re .  A h is togram was 
made o f  these p o i n t s  ( f i g .  15) ;  t h e  d i s t r i b u t i o n  looks Gaussian. 
When t h e  r e s u l t s  were analyzed w i t h  a  f a s t  Fou r ie r  t rans form (FFT), t h e  
frequency spectrum could be p l o t t e d  ( f i g .  16) .  The r e s u l t s  a re  presented i n  
reduced frequency, which i s  t h e  duc t  he igh t  d i v i d e d  by t h e  i n l e t  v e l o c i t y .  The 
power i s  h igh  below 200 Hz, w i t h  peaks. Some o f  t h e  peaks may be caused by t h e  
l ack  o f  r e s o l u t i o n  i n  t h e  c a l c u l a t i o n .  The frequency spectrum r o l l s  o f f  as t h e  
experimental  data. A power spec t ra l  d i s t r i b u t i o n  ( f i g .  17) shows most of t h e  
power (75 percent )  below a  reduced frequency o f  1. 
The t u r b u l e n t  c h a r a c t e r i s t i c s  o f  t h e  f l o w  need t o  be q u a n t i f i e d  i n  o rder  
t o  be ab le  t o  p r e d i c t  t r a n s i t i o n  i n  t u rb ines .  Chor in ls  method i s  use fu l  f o r  
understanding and p red i , c t i ng  vor tex  f lows.  
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Figure 2. - LDV measurements o f  turbulence intensity. (From ref .  1 .) 
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Figure 3. - Determination of turbulence intensity fran probability distribution. Flight-idle 
r = 7.10 mn; l~ = 79.0 m/s; u = 5.50 m/s; u/p = 6.96 percent; Uupper = 94.0 W S ;  
Ulower = 64.0 m/s; <U> = 79.0 m/s; s = 5.61 m/s; s/<o = 7.10 percent; N = 820. (Fran ref. 
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Figure 4. - Canbustor exhaust measurements. Axial position downstream, 60 mn. 
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Figure 6. - Turbulence intensity distributions. 








(a) Isothermal ; Q = 0.  
(b) With c d u s t i o n ;  velocity. 13 mfsec. 
(c) With c d u s t i o n  a t  varicus velocities. 
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Figure 9. - Frequency spectrum downstream o f  swirl can combustor. Temperature, 550 K .  
vortex blob 
a 
5 ( 2  AT) Vortex sheet tjs .5 VAR = --- I I Re 
I 1  
/ / / / / / / / / / / / / / / /  
A Z = U A r + q  
where q = Gaussian random number 
* 
- tt 4 
Figure 10. - Modeling interface motion of  canbustion by Chorin's random vortex method. 
Figure 11. - Motion of vortex blobs computed by ~horin's method. Reynolds number, 10 000. 
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Figure 12. - Comparison of experimental and numerical data for mean velocity. 
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Figure 13. - Comparison of experimental and numerical data for turbulence intensity. (Same configuration 
as fig. 12.) 
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Figure 14. - Instantaneous time history of calculated velocity. x/H = 1.8; Reynolds number, 10 000. 
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Figure 16. - Computed power spectrum. x/H = 1.8. 
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Figure 17. - Power spectral distribution. x/H = 3.6. 
PRELIMINARY RESULTS OF A STUDY OF THE RELATIONSHIP BETWEEN FREE-STREAM 
TURBULENCE AND STAGNATION REGION HEAT TRANSFER* 
G. James VanFossen, Jr., and Robert J. Simoneau 
Nat ional  Aeronautics and Space Admin is t ra t ion  
Lewis Research Center 
Cleveland, Ohio 44135 
A s tudy i s  being conducted a t  t he  NASA Lewis Research Center t o  
i n v e s t i g a t e  the  mechanism t h a t  causes free-stream turbulence t o  increase heat 
t r a n s f e r  i n  t h e  stagnat ion reg ion  o f  t u r b i n e  vanes and blades. The work i s  
being conducted i n  a  wind tunnel  a t  atmospheric cond i t ions  t o  f a c i l i t a t e  
measurements o f  turbulence and heat t r a n s f e r .  The model s i z e  i s  scaled up t o  
s imu la te  Reynolds numbers (based on the  leading-edge diameter) t h a t  a re  t o  be 
expected on a  t u r b i n e  blade lead ing  edge. Reynolds numbers from 13 000 t o  
177 000 were run i n  t h e  present t e s t s .  
Spanwise-averaged heat t r a n s f e r  measurements w i t h  h igh  and low turbulence 
have been made w i t h  'rough" and smooth sur face stagnat ion regions. For smooth 
surfaces the  boundary l a y e r  remained laminar  even i n  the  presence o f  
free-stream turbulence.  I f  roughness was added, t he  boundary l a y e r  became 
t r a n s i t i o n a l  as evidenced by t h e  heat t r a n s f e r  increase w i t h  increas ing  
d is tance from the  stagnat ion l i n e .  , 
Hot-wire measurements near t he  s tagnat ion  reg ion  downstream o f  an a r r a y  
o f  p a r a l l e l  wi res showed t h a t  v o r t i c i t y  i n  t he  form o f  mean v e l o c i t y  g rad ien ts  
was a m p l i f i e d  as the  f l o w  approached the  s tagnat ion  region.  C i rcumferent ia l  
t r ave rses  o f  a  hot-wire probe near t he  sur face o f  t h e  c y l i n d e r  showed t h a t  t he  
f l u c t u a t i n g  component o f  v e l o c i t y  changed i n  character  depending on 
free-stream turbulence and Reynolds number. 
F i n a l l y  smoke-wire f l o w  v i s u a l i z a t i o n  and l i q u i d - c r y s t a l  surface heat 
t r a n s f e r  v i s u a l i z a t i o n  were combined t o  show t h a t ,  i n  t he  wake o f  an a r ray  o f  
p a r a l l e l  wi res,  heat  t r a n s f e r  was lowest where t h e  f l u c t u a t i n g  component o f  
v e l o c i t y  ( l o c a l  turbulence)  was h ighest .  Hentr&zw.the._highes.L.- 
between p a i r s  a- -...- o f  . --. v o r t i c e s  where t h e  induced v e 1 o c i t . a ~  t o w s U c y l i n d e r - -  
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SYMBOLS 
D c y l i n d e r  diameter, cm 
d  rod diameter, cm 
e  he igh t  o f  roughness element, cm 
h  heat t r a n s f e r  c o e f f i c i e n t ,  w/m2 "C 
*Also publ ished as NASA Technical Memorandum 86884. 
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q "  hea t  f l u x ,  w/m2 
Re Reynolds number 
T  temperature,  K 
X d i s t a n c e  measured upstream f r om fo rward  s t a g n a t i o n  
l i n e ,  cm 
z spanwise coo rd i na te ,  cm 
0 c i r c u m f e r e n t i a l  coord ina te ,  deg 
INTRODUCTION 
I n  gas t u r b i n e  b lade  design, p r e d i c t i n g  hea t  t r a n s f e r  i n  t h e  s t a g n a t i o n  
r e g i o n  i s  c r i t i c a l  because t h e  hea t  f l u x  i s  u s u a l l y  h i g h e s t  i n  t h i s  reg ion .  
The hea t  t r a n s f e r  i n  t h e  s t agna t i on  r e g i o n  can be p r e d i c t e d  i f  t h e  f ree -s t ream 
f l o w  i s  l am ina r  ( r e f .  1 ) .  I n  a  gas t u r b i n e ,  f l o w s  a re  h i g h l y  t u r b u l e n t ,  w i t h  
i n t e n s i t i e s  o f  8  t o  15 percen t .  I f  t h e  t u rbu lence  i n t e n s i t y  i n  t h e  f r e e  
s t ream i s  h i g h e r  t h a n  1 percen t ,  hea t  t r a n s f e r  i n  t h e  s t a g n a t i o n  r e g i o n  i s  
augmented. 
Flow i n  t h e  s tagna t i on  r e g i o n  o f  a  t u r b i n e  b lade  can be s imu la ted  by  a  
c y l i n d e r  i n  c ross f l ow .  There have been many exper imenta l  i n v e s t i g a t i o n s  o f  
t h e  e f f e c t  o f  t u rbu lence  i n t e n s i t y  on hea t  t r a n s f e r  t o  a  c y l i n d e r  i n  c r o s s f l o w  
(e.g., r e f s .  2 t o  6 ) .  Most o f  these  i n v e s t i g a t i o n s  have measured an i nc rease  
i n  hea t  t r a n s f e r  i n  t h e  s t agna t i on  r e g i o n  f o r  some increased l e v e l  o f  
f ree -s t ream tu rbu lence  and then  t r i e d  t o  c o r r e l a t e  t h e  hea t  t r a n s f e r  i nc rease  
t o  some parameter i n v o l v i n g  t h e  t u rbu lence  i n t e n s i t y .  Th i s  approach has had 
l i m i t e d  success. Trends a r e  c l e a r l y  p resen t ,  b u t  t h e r e  i s  g r e a t  s c a t t e r  i n  
t h e  data,  p a r t i c u l a r l y  between t h e  da ta  o f  d i f f e r e n t  researchers .  
The mathematical  model ing o f  s t agna t i on  r e g i o n  f l o w  has been d i v i d e d  i n t o  
seve ra l  areas.  One s e t . o f  modelers has at tempted t o  develop a  t u rbu lence  
model t h a t  can be used t o  so l ve  t h e  two-dimensional  boundary- layer  equat ions 
and p r e d i c t  t h e  l e v e l  o f  heat  t r a n s f e r  ( r e f s .  2, 7, and 8 ) .  The r e s u l t s  a r e  a  
c o r r e l a t i o n  o f  t h e  m i x i n g  l e n g t h  o r  t u r b u l e n t  v i s c o s i t y  and t h e  P rand t l  number 
w i t h  o t h e r  f l o w  parameters. 
A more p l a u s i b l e  model o f  hea t  t r a n s f e r  augmentat ion by f ree -s t ream 
t u r b u l e n c e  i s  t h e  v o r t e x  s t r e t c h i n g  model. It i s  hypothes ized t h a t ,  as 
v o r t i c a l  f i l a m e n t s  w i t h  components o f  t h e i r  axes normal t o  t h e  s t a g n a t i o n  l i n e  
and normal t o  t h e  f ree-s t ream f l o w  a r e  convected i n t o  t h e  s tagna t i on  reg ion ,  
t h e y  a r e  s t r e t c h e d  and t i l t e d  by t h e  d ivergence o f  s t reaml ines  and 
a c c e l e r a t i o n  around t h e  body. Through conse rva t i on  o f  angu la r  momentum t h i s  
s t r e t c h i n g  i n t e n s i f i e s  t h e  v o r t i c i t y .  The inc reased  v o r t i c i t y  i s  hypothes ized 
t o  be t h e  cause o f  t h e  augmented hea t  t r a n s f e r  i n  t h e  s tagna t i on  r eg ion .  Some 
examples o f  t h e  work on t h i s  t heo ry  a r e  g i ven  i n  re fe rences  9 t o  14, and t h e  
work i s  reviewed i n  r e fe rence  15 .  It was deduced ( r e f s .  9 and 10)  t h a t  t h e  
mathemat ica l  model a l lowed o n l y  t u r b u l e n t  eddies above a  c e r t a i n  n e u t r a l  s ca le  
t o  e n t e r  t h e  Hiemenz f l o w  ( r e f .  16)  boundary l a y e r .  Once i n s i d e  t h e  boundary 
l a y e r ,  however, t h e  eddies can be broken down i n t o  sma l l e r  eddies by t h e  
a c t i o n  o f  v i s c o s i t y .  The three-d imensional  v o r t i c i t y  t r a n s p o r t  equat ions were 
solved f o r  a  free-stream v e l o c i t y  t h a t  was p e r i o d i c  i n  the  spanwise 
coordinate.  This boundary cond i t i on  suppl ied t h e  v o r t i c i t y  t o  t he  stagnat ion 
reg ion  i n  an o r i e n t a t i o n  t h a t  al lowed i t  t o  be s t re tched by the  mean f low.  A 
few spec ia l  cases where the  per iod  i n  v e l o c i t y  was near t he  neu t ra l  scale have 
been solved. It was found t h a t  the  thermal boundary l a y e r x i s  much more 
s e n s i t i v e  t o  ex te rna l  v o r t i c i t y  than the  hydrodynamic boundary l aye r .  
I n  reference 11 measurements o f  g r i d  turbulence t h a t  contained eddies of 
a l l  o r i e n t a t i o n s  near t he  stagnat ion p o i n t  o f  a  c i r c u l a r  c y l i n d e r  show t h a t  
eddies w i t h  scales much l a r g e r  than the  c y l i n d e r  diameter a re  n o t  a m p l i f i e d  as 
they  approach the  stagnat ion p o i n t  bu t  smal le r  scale eddies are  amp l i f i ed  as 
they  approach the  cy l i nde r .  These measurements are  ex terna l  t o  the  boundary 
l aye r .  I n  references 12 and 13 a  h o t  w i r e  was used t o  measure the  
a m p l i f i c a t i o n  o f  turbulence near the, s tagnat ion  p o i n t  o f  both a  c y l i n d e r  and 
an a i r f o i l .  The turbulence was produced by an upstream a r ray  o f  p a r a l l e l  
rods. Spectra l  measurements were then used t o  deduce a  so-cal led 
most-ampl i f ied scale. Flow v i s u a l i z a t i o n  w i t h  smoke a l s o  shows a  regu la r  
a r r a y  o f  vor tex  p a i r s  near t he  s tagnat ion  p o i n t .  The a r ray  o f  vor tex p a i r s  i s  
c l e a r l y  ou ts ide  the  t h e o r e t i c a l  laminar  boundary layer .  
Reference 14 describes a  th resho ld  f o r  vor tex  format ion near t he  
s tagnat ion  reg ion  o f  a  b l u f f  body from t h e  wakes o f  an a r ray  o f  p a r a l l e l  w i res  
placed upstream. I f  the  wires a re  t o o  f a r  upstream o r  t he  Reynolds number i s  
t o o  smal l ,  no v o r t i c e s  are  formed on a  b l u f f  body. Heat t r a n s f e r  augmentation 
i n  t h e  s tagnat ion  reg ion  increases sharply  when v o r t i c e s  a re  formed. The s i z e  
o f  t h e  v o r t i c e s  scales w i t h  the  w id th  o f  t he  upstream dis turbance wake and n o t  
w i t h  boundary-layer th ickness.  
Ca lcu la t ions  and measurements made i n  reference 5 show the  boundary-layer 
v e l o c i t y  p r o f i l e s  t o  be e s s e n t i a l l y  laminar  even i n  t h e  presence of 
free-stream turbulence. The temperature f i e l d ,  however, i s  more s e n s i t i v e  t o  
free-stream turbulence.  This imp l i es  t h a t  heat t r a n s f e r  w i l l  be increased 
more than s k i n  f r i c t i o n  by free-stream turbulence.  
A c o l l e c t i o n  o f  experimental observat ions has been assembled here t o  
cons t ruc t  a  p i c t u r e  o f  t h i s  complex phenomenon. Spanwise-averaged heat 
t r a n s f e r  data a re  presented t o  show the  e f f e c t  o f  free-stream turbulence and 
sur face roughness on the  cond i t i on  ( laminar  o r  t u rbu len t )  o f  t he  thermal 
boundary l a y e r .  Hot-wire measurements a re  used t o  show how v o r t i c i t y  from 
mean v e l o c i t y  gradients i s  amp l i f i ed  as i t  approaches the  stagnat ion region.  
F i n a l l y  a  combination o f  f l ow  v i s u a l i z a t i o n  us ing t h e  smoke-wire technique and 
thermal v i s u a l i z a t i o n  us ing l i q u i d  c r y s t a l s  i s  used t o  show t h e  r e l a t i o n s h i p  
between vor tex p a i r s  produced by mean v e l o c i t y  g rad ien ts  and the  spanwise heat 
t r a n s f e r  d i s t r i b u t i o n .  
APPARATUS 
Wind Tunnel 
A l l  t e s t s  were conducted i n  t he  wind tunne l  shown schemat ica l ly  i n  
f i g u r e  1. Room a i r  f i r s t  f lowed through a  turbulence damping screen w i t h  an 
18x18 mesh o f  0.24-mm (0.0095-in) diameter w i re .  Large-scale turbulence from 
t h e  room a i r  was then broken up by f l ow ing  i t through a  honeycomb o f  
approximately 12 000 p l a s t i c  "soda straws," which were 0.64 cm (0.25 i n )  i n  
d iamete r  by  19.69 cm (7.75 i n )  l ong .  The a i r  t hen  passed th rough  a  f i n a l  
damping screen i d e n t i c a l  t o  t h e  f i r s t .  A 4.85:l c o n t r a c t i o n  ( c o n t r a c t i o n  i n  
spanwise d i r e c t i o n  on l y )  then  acce le ra ted  t h e  a i r  e n t e r i n g  t h e  t e s t  sec t i on .  
The maximum v e l o c i t y  a t t a i n a b l e  i n  t h e  t e s t  s e c t i o n  was about  46 m/sec 
(150 f t / s e c ) ,  and t h e  c l ea r - t unne l  t u rbu lence  l e v e l  was l e s s  than  0.5 pe rcen t  
a t  a l l  f l o w  r a t e s .  
The t e s t  s e c t i o n  was 15.2 cm (6.0 i n )  w ide by  68.6 cm (27.0 i n )  h igh .  
The models were mounted h o r i z o n t a l l y  i n  t h e  t unne l .  Hot -wi re  surveys and 
smoke-wire f l o w  v i s u a l i z a t i o n  i n d i c a t e d  t h a t  t h e  c e n t e r  7.6 cm (3.0 i n )  o f  t h e  
t u n n e l  was f r e e  f r om tu rbu lence  generated by t h e  s i de -wa l l  boundary l a y e r .  
A l l  measurements were con f i ned  t o  t h i s  c e n t e r  r e g i o n  o f  t h e  t unne l  t e s t  
s e c t i o n .  
A f t e r  l e a v i n g  t h e  t e s t  s e c t i o n  t h e  f l o w  passed th rough  a  t r a n s i t i o n  
s e c t i o n  i n t o  a  25-cm (10 - i n )  p ipe ,  th rough  two long- rad ius  elbows, i n t o  a  f l o w  
s t r a i g h t e n e r ,  and i n t o  an o r i f i c e  run.  The o r i f i c e  p l a t e  had a  d iamete r  o f  
19.1 cm (7.5 i n ) .  The f l o w  r a t e s  used i n  these  t e s t s  were measured w i t h  t h i s  
o r i f i c e .  A i r  t h e n  passed th rough  a  25-cm (10- in )  b u t t e r f l y  va lve ,  which was 
used t o  c o n t r o l  t h e  f l o w  r a t e ,  and then  t o  t h e  b u i l d i n g  a l t i t u d e  exhaust 
system. 
The temperature o f  t h e  a i r  e n t e r i n g  t h e  wind t unne l  was measured by  f o u r  
exposed b a l l  Chromel-Alumel thermocouples around t h e  pe r ime te r  o f  t h e  i n l e t .  
These f o u r  temperatures were averaged t o  g i v e  t h e  t o t a l  ( o r  s t agna t i on )  
' temperature.  
Turbulence Generators 
Fo r  some o f  t h e  h igh- tu rbu lence  cases a  tu rbu lence-genera t ing  b i p l a n e  
g r i d  o f  0.318-cm (0.125- in)  d iamete r  rods spaced 10  r o d  d iameters  a p a r t  was 
i n s t a l l e d  79.6 r od  d iameters  upstream o f  t h e  model l e a d i n g  edge. Fo r  t h e  f l o w  
v i s u a l i z a t i o n  t e s t s  and some o f  t h e  hea t  t r a n s f e r  t e s t s  an a r r a y  o f  p a r a l l e l  
0.051-cm (0.020- in)  d iameter  w i r e s  spaced 12.5 w i r e  d iameters  a p a r t  was 
i n s t a l l e d  547.5 w i r e  d iameters  (4.21 c y l i n d e r  d iamete rs )  upstream o f  t h e  model 
l e a d i n g  edge. For  t h e  spanwise ho t -w i re  t r a v e r s e s  t h e  same p a r a l l e l - w i r e  
a r r a y  was used, b u t  t h e  w i r es  were spaced 37.5 w i r e  d iameters  a p a r t .  
Hot W i  r e  
Turbulence was measured w i t h  a  constant - temperature,  ho t -w i r e  
anemometer. S i gna l s  were l i n e a r i z e d ,  and t h e  mean component o f  v e l o c i t y  was 
read on an i n t e g r a t i n g  d i g i t a l  v o l t m e t e r  w i t h  an a d j u s t a b l e  t i m e  cons tan t .  
The f l u c t u a t i n g  component was read on a  t r u e  rms v o l t m e t e r  t h a t  a l s o  had an 
a d j u s t a b l e  t i m e  cons tan t .  The ho t -w i re  probe was a  4-pm (1.65-pin) 
d iameter ,  tungsten,  s i ng l e -w i re  probe. The h o t  w i r e  was c a l i b r a t e d  b e f o r e  
each use i n  a  f r e e  j e t  o f  a i r  a t  n e a r l y  t h e  same temperature (tl deg C )  as t h e  
wind t u n n e l  f l o w .  The f requency response o f  t h e  ho t -w i r e  system was 
determined t o  be around 30 kHz by  t h e  s tandard square-wave t e s t .  
Turbu lence sca le  was es t imated  by us i ng  an a u t o c o r r e l a t i o n  o f  t h e  
ho t -w i r e  s i g n a l .  The a u t o c o r r e l a t i o n  was ob ta ined  on a  dual-channel ,  f a s t  
F o u r i e r  t r a n s f o r m  (FFT) spectrum ana lyzer .  The area under t h e  a u t o c o r r e l a t i o n  
f u n c t i o n  gave an i n t e g r a l  t ime scale.  This  t ime scale was then m u l t i p l i e d  by 
t h e  mean v e l o c i t y  t o  ob ta in  the  i n t e g r a l  l eng th  scale. 
Smoke Wire 
Flow v i s u a l i z a t i o n  was accomplished by us ing the  smoke-wire technique 
described i n  reference 17. A 0.008-cm (0.003-in) diameter w i r e  was s t re tched 
across the  tunnel  p a r a l l e l  t o  t h e  c y l i n d e r  a x i s  s l i g h t l y  below the  stagnat ion 
plane. The w i r e  was coated w i t h  o i l ,  as recommended i n  reference 17, by us ing  
a  c o t t o n  swab. A t i m i n g  c i r c u i t  was then used t o  s t a r t  cu r ren t  f l o w  t o  heat 
t h e  w i r e  and vaporize the  o i l  and, a f t e r  an ad jus tab le  delay, t o  f i r e  a  s t robe 
l i g h t  t o  expose the  f i l m .  A 35-mm camera w i t h  te lephoto  lens and closeup 
attachments was then used t o  make h igh -qua l i t y  images o f  t he  f l o w  and heat 
t r a n s f e r  pa t te rns  i n  t he  stagnat ion region.  Two s t robe l i g h t s  were used, one 
f rom each s ide  o f  t he  tunne l .  The bes t  l i g h t i n g  angle f o r  smoke v i s u a l i z a t i o n  
was 90° from t h e  viewing angle. This angle was n o t  an optimum angle f o r  t he  
v iewing o f  t h e  l i q u i d - c r y s t a l  models. As expla ined i n  reference 18, i f  t h e  
l i g h t i n g  angle and the  viewing angle a re  n o t  t he  same, the re  i s  a  c o l o r  s h i f t  
i n  t h e  l i q u i d  c r y s t a l .  Thus simultaneous smoke and l i q u i d - c r y s t a l  thermal 
v i s u a l i z a t i o n  photographs can on l y  be used t o  ob ta in  q u a l i t a t i v e  heat t r a n s f e r  
r e s u l t s .  
TEST SPECIMENS 
Spanwise-Averaged Heat Trans fer  
Spanwise-averaged heat t r a n s f e r  c o e f f i c i e n t s  were measured on a  6.6-cm 
(2.6- in) diameter c y l i n d e r  ( f i g .  2 ) .  The c y l i n d e r  was 15.2 cm ( 6  i n )  long and 
was made o f  wood. Heat t r a n s f e r  c o e f f i c i e n t s  around the  circumference o f  t he  
c y l i n d e r  were measured w i t h  e l e c t r i c a l l y  heated copper s t r i p s  ( f i g .  3).  Each 
s t r i p  was 6.6 cm (2.6 i n )  long by 0.51 cm (0.21 i n )  wide and 0.318 cm 
(0.125 i n )  deep. A Kapton-encapsulated e l e c t r i c  heater  was fastened t o  the  
back o f  each copper s t r i p  w i t h  pressure-sensi t ive adhesive. A s t a i n l e s s  s t e e l  
sheathed, closed, grounded-ball, Chromel-Alumel thermocouple was s o f t  soldered 
i n t o  a  groove i n  each copper s t r i p .  The copper heat f l u x  gauges were embedded 
i n  t h e  surface o f  t h e  c y l i n d e r  a t  10' i n t e r v a l s  around t h e  circumference. The 
average gap between copper s t r i p s  was 0.10 cm (0.04 i n )  and was f i l l e d  w i t h  
epoxy. Although the re  were e i g h t  copper s t r i p s ,  on ly  t h e  i n n e r  s i x  s t r i p s  
were used as measuring gauges; t he  ou te r  two served as guard heaters t o  
minimize heat loss  by conduction. Guard heaters were a l so  used on the  ends o f  
t h e  copper s t r i p  gauges ( f i g .  2 ) .  A guard heater  was a l so  used behind t h e  
measuring gauges t o  s top r a d i a l  heat conduct ion t o  t h e  r e a r  o f  t h e  c y l i n d e r .  
A t h i n  coat  o f  lacquer was sprayed on t h e  sur face o f  t h e  c y l i n d e r  and the  
copper gauges t o  keep the  copper from o x i d i z i n g  and changing emiss i v i t y .  I n  
opera t ion  the  copper s t r i p s  were maintained a t  a  constant  temperature by a  
c o n t r o l l e r  described i n  reference 19. The data reduct ion  technique used f o r  
t h e  spanwise-averaged model i s  a l s o  described i n  reference 19. 
For some o f  t h e  t e s t s ,  t he  spanwise-averaged heat t r a n s f e r  model was used 
t o  i n v e s t i g a t e  the  e f f e c t  o f  sur face roughness. A coat  o f  c l e a r  lacquer was 
sprayed onto t h e  model, and sand was then sp r ink led  on the  wet surface from an 
o rd ina ry  s a l t  shaker. Another t h i n  coat  o f  lacquer then he ld  t h e  sand i n  
p lace.  Since t h e  roughness elements were t o o  l a r g e  t o  be measured w i t h  a  
p r o f i l o m e t e r ,  an o p t i c a l  comparator was used t o  est imate roughness. The 
maximum he igh t  of any one roughness element was 0.0572 cm (0.0225 i n ) .  The 
average h e i g h t  of t h e  roughness elements above t h e  sur face  was 0.033 cm 
(0.013 i n ) ,  which gave a  r e l a t i v e  roughness e/D o f  0.005. 
An a f te rbody  was used w i t h  t h e  c y l i n d e r  f o r  some t e s t s  t o  e l i m i n a t e  t h e  
a l t e r n a t e  vor tex  shedding from t h e  r e a r  o f  t h e  c y l i n d e r .  The a f te rbody  
cons is ted  o f  a  5.08-cm (2.0- in) long s t r a i g h t  segment t h a t  was tangent t o  t h e  
c y l i n d e r  sur face  90" from t h e  s tagnat ion  l i n e .  A 10" wedge then extended 
downstream and ended i n  a  c y l i n d r i c a l  t r a i l i n g  edge 0.3175 cm (0.125 i n )  i n  
diameter.  
L iqu id -Crys ta l  Models 
Spanwise v a r i a t i o n s  i n  heat t r a n s f e r  c o e f f i c i e n t  were mapped w i t h  t h r e e  
models ( f i g .  4) .  One was a  c y l i n d e r  w i t h  t h e  same dimensions as t h e  
spanwise-averaged heat t r a n s f e r  model. The second had t h e  same dimensions as 
t h e  spanwise-averaged model p lus  t h e  af terbody.  The t h i r d  was scaled t o  
one-half t h e  s i z e  o f  t h e  spanwise-averaged model p lus  t h e  af terbody.  
A l l  o f  t h e  l i q u i d - c r y s t a l  models were constructed by us ing  t h e  techniques 
i n  re fe rence 18. B r i e f l y ,  a  heater  element c o n s i s t i n g  o f  po l yes te r  sheet w i t h  
a  vapor-deposited go ld  l a y e r  was fastened t o  t h e  model sur face  w i t h  
double-sided tape. Bus bars o f  copper f o i l  were fastened t o  t h e  heater  edges, 
which were p a r a l l e l  t o  t h e  c y l i n d e r  a x i s  and loca ted  a t  t h e  r e a r  o f  t h e  
c y l i n d e r .  S i l v e r  conduct ive p a i n t  was used t o  improve e l e c t r i c a l  conductance 
between t h e  copper f o i l  and t h e  go ld .  A commercial ly a v a i l a b l e  p l a s t i c  sheet 
con ta in ing  c h o l e s t e r i c  l i q u i d  c r y s t a l s  was fastened over t h e  heater  w i t h  
double-sided tape. 
The go ld  heater  was checked f o r  u n i f o r m i t y  i n  s t i l l  a i r  by us ing  t h e  
l i q u i d - c r y s t a l  sheets t o  moni tor  temperature g rad ien ts .  The l i q u i d  c r y s t a l  
was c a l i b r a t e d  i n  a  water  bath t o  determine t h e  temperature t h a t  corresponded 
t o  c o l o r .  Yel low i n d i c a t e d  a  temperature o f  54.8 2 0.2 O C  (130.6 2 0.4 OF). 
I n  operat ion,  t h e  c y l i n d e r  was heated by passing an e l e c t r i c  c u r r e n t  
through t h e  go ld  f i l m .  This suppl ied a  un i f o rm heat  f l u x  a t  t h e  sur face  o f  
t h e  c y l i n d e r .  E l e c t r i c  power t o  t h e  model was ad jus ted  so t h a t  t h e  area o f  
i n t e r e s t  on t h e  sur face  turned ye l low.  Neg lec t ing  r a d i a t i o n  and conduct ion 
losses, which a re  smal l ,  t h e  heat t r a n s f e r  c o e f f i c i e n t  can be computed as 
Thus ye l l ow  t races  an iso-heat - t rans fer  c o e f f i c i e n t  contour  on t h e  model. 
Travers ing Cy l i nde r  
Turbulence measurements near t h e  sur face  o f  t h e  c y l i n d e r  were made w i t h  a  
t r a v e r s i n g  c y l i n d e r  ( f i g .  5 ) .  This  c y l i n d e r  was made o f  wood and had a  ho le  
d r i l l e d  a long a  diameter.  A hot-wi re probe cou ld  be i n s e r t e d  through t h i s  
ho le  and pos i t i oned  c lose  t o  t h e  surface. The area around t h e  hot-wi re probe 
was f i l l e d  i n  w i t h  modeling c l a y  t o  match the  contour o f  t h e  cy l i nde r .  The 
t r a v e r s i n g  c y l i n d e r  extended through holes i n  t h e  tunne l  wa l l s ;  f e l t  was used 
as a  seal between the  c y l i n d e r  and the  wa l l s .  The c y l i n d e r  could thus be 
t raversed a x i a l l y  across the  tunnel  span o r  r o t a t e d  about i t s  ax i s ,  c a r r y i n g  
t h e  h o t  w i r e  w i t h  i t. 
ERROR ANALYSIS 
An e r r o r  ana lys is  was performed f o r  each o f  t he  spanwise-averaged heat 
t r a n s f e r  data p o i n t s  by t h e  method o f  K l i n e  and McClintock ( r e f .  20). The 
average e r r o r  f o r  a l l  o f  the  data po in t s  was 5.7 percent,  and the  maximum 
e r r o r  f o r  any one data p o i n t  was 7.8 percent.  E r r o r  est imates were no t  made 
f o r  t h e  hot-wire and l i q u i d - c r y s t a l  data. 
RESULTS AND DISCUSSION 
I n  t h i s  sec t i on  spanwise-averaged heat t r a n s f e r  d i s t r i b u t i o n s  around a  
c i r c u l a r  c y l i n d e r  i n  cross f low,  a re  presented f o r  h igh  and low free-stream 
turbu lence as w e l l  as the  e f f e c t  o f  sur face roughness. Hot-wire measurements 
a re  presented t o  demonstrate a m p l i f i c a t i o n  o f  v o r t i c i t y  i n  t he  f r e e  stream as 
t h e  f l o w  approaches the  stagnat ion region.  F i n a l l y ,  f l o w  v i s u a l i z a t i o n  and 
thermal v i s u a l i z a t i o n  are  combined t o  show t h e  r e l a t i o n s h i p  between vor tex 
p a i r s  formed i n  the  stagnat ion reg ion  and spanwise v a r i a t i o n s  i n  sur face heat 
t r a n s f e r .  
Spanwise-Averaged Heat Transfer  
Nussel t  number as a  f u n c t i o n  o f  angle from the  stagnat ion p o i n t  was 
determined f o r  t he  f o u r  cases ( f i g .  6 ) .  A l l  o f  t he  data were taken a t  a  
Reynolds number o f  177 000 (based on free-stream cond i t ions  and c y l i n d e r  
diameter).  Low-turbulence data were taken w i t h  a  c l e a r  tunnel  and high- 
tu rbu lence data were taken w i t h  a  b ip lane g r i d .  The g r i d  produced turbulence 
o f  about 2.4 percent  w i t h  a  scale o f  0.50 cm (0.20 i n ) .  Also p l o t t e d  on the  
f i g u r e  i s  an exact s o l u t i o n  o f  t he  laminar  boundary-layer equations due t o  
reference 1. The data shown on f i g u r e  6  were f o r  t h e  c y l i n d e r  w i thout  the  
af terbody;  data taken w i t h  the  a f te rbody i n  p lace  were i d e n t i c a l  w i t h i n  
experimental  e r r o r .  
Smooth sur face - low turbulence.  - The agreement between the  exact 
s o l u t i o n  and the  smooth-cylinder, low-turbulence data i s  w e l l  w i t h i n  the  
experimental  e r r o r  and thus conf irms the  accuracy o f  t h e  experimental method 
( f i g .  6). 
Smooth sur face - h igh  turbulence.  - For the  c y l i n d e r  placed downstream o f  
t h e  b ip lane g r i d  ( f i g .  6) turbulence increased the  heat t r a n s f e r  v i r t u a l l y  
un i fo rm ly  around the  circumference (measurements were on ly  made up t o  50' from 
s tagnat ion)  by about 30 percent.  This  agrees w e l l  w i t h  the  data o f  o the r  
observers: f o r  example, t he  theory  o f  reference 2  p r e d i c t s  an increase i n  
Nussel t  number a t  t he  stagnat ion p o i n t  o f  27.8 percent  f o r  these cond i t ions .  
Rough sur face - low turbulence. - Adding sand roughness t o  the  c y l i n d e r  
surface w i t h  0.5-percent free-stream turbulence d i d  n o t  change the  heat 
t r a n s f e r  r a t e  a t  t h e  s tagnat ion  p o i n t  f rom the  smooth-surface case ( f i g .  6) .  
As t h e  angle f rom s tagnat ion  increased, however, t h e  heat t r a n s f e r  r a t e  a l s o  
increased, most l i k e l y  because boundary-layer t r a n s i t i o n  was t r i g g e r e d  by t h e  
roughness elements. 
Rough sur face  - h igh  turbulence.  - For  t h e  sand-roughened sur face w i t h  
2.4-percent f ree-st ream turbulence t h e  e f f e c t  o f  f ree-stream turbulence was 
g r e a t e s t  nearest  t he  s tagnat ion  p o i n t ,  where t h e  heat  t r a n s f e r  r a t e  was again 
about 30 percent  h ighe r  than i n  t h e  low-turbulence case. As t h e  angle f rom 
s tagnat ion  became l a r g e r ,  t h e  high- and low-turbulence data (rough sur face)  
merged as t h e  boundary l a y e r  became more t u r b u l e n t .  
Surface roughness had no e f f e c t  on heat  t r a n s f e r  a t  t h e  s tagnat ion  l i n e  
b u t  changed t h e  charac ter  o f  t h e  boundary l a y e r  i n  t h e  downstream d i r e c t i o n .  
It seems t h a t  t h e  boundary l a y e r  on t h e  smooth sur face remains laminar  a t  t h e  
Reynolds numbers tes ted  ( i . e . ,  no tu rbu lence i s  produced w i t h i n  t he  boundary 
l a y e r ) .  Free-stream turbulence somehow ac ts  on a  laminar  boundary l a y e r  t o  
augment heat  t r a n s f e r .  
Hot-Wire Measurements 
Streamwise t raverse .  - A streamwise t rave rse  o f  a  s i n g l e  ho t  w i r e  was 
performed w i t h  t h e  w i r e  o r i en ted  p a r a l l e l  t o  t h e  6.6-cm (2.6- in) diameter 
c y l i n d e r  a x i s  and as c lose  as poss ib le  t o  t h e  p lane o f  t h e  s tagnat ion  
s t reaml ine .  An a r r a y  o f  0.05-cm (0.02-in) p a r a l l e l  w i res  spaced 12.5 w i r e  
diameters a p a r t  was loca ted  4.21 c y l i n d e r  diameters (547.5 w i r e  diameters) 
upstream o f  t h e  s tagnat ion  p o i n t .  This w i r e  a r r a y  produced v o r t i c i t y  
(g rad ien ts  i n  t h e  mean v e l o c i t y )  i n  an o r i e n t a t i o n  t h a t  could be s t re tched and 
amp l i f i ed .  The t rave rse  was made 0.044 t o  3.06 c y l i n d e r  diameters upstream o f  
t h e  s tagnat ion  p o i n t  a t  a  Reynolds number o f  177 000 (based on c y l i n d e r  
d iameter) .  It i s  t y p i c a l  o f  a l l  t raverses  made over t h e  Reynolds number range 
(31 000 t o  177 000). The mean v e l o c i t y  ( f i g .  7 )  f e l l  monoton ica l l y  as t h e  
s tagnat ion  reg ion  was approached. The f l u c t u a t i n g  v e l o c i t y  (rms, f i g .  7 ) ,  
however, f i r s t  decayed w i t h  d is tance downstream o f  t h e  g r i d  (decreasing X/D) 
and then sharp ly  increased and peaked a t  about 0.085 c y l i n d e r  diameter 
upstream f rom t h e  s tagnat ion  p o i n t .  This  peak was f a r  ou ts ide  t h e  p red i c ted  
laminar  boundary-layer th ickness o f  0.003 c y l i n d e r  diameter ( r e f .  16). These 
r e s u l t s  a re  very s i m i l a r  t o  those o f  re ference 12. 
Spanwise t raverse .  - Two spanwise t raverses  o f  a  ho t  w i r e  o r i en ted  
perpend icu la r  t o  t h e  c y l i n d e r  a x i s  and centered i n  t h e  p lane o f  t h e  s tagnat ion  
s t reaml ine  were made. The c y l i n d e r  lead ing  edge was loca ted  4.21 c y l i n d e r  
diameters downstream o f  an a r r a y  o f  0.05-cm (0.02-in) diameter p a r a l l e l  w i res  
spaced 37.5 w i r e  diameters apar t .  Both t raverses  were made a t  a  Reynolds 
number o f  31 000 (based on c y l i n d e r  diameter) and are  t y p i c a l  o f  those f o r  t h e  
complete Reynolds number range. Both t raverses  a re  presented a t  t h e  same 
sca le  i n  f i g u r e  8. For t h e  t rave rse  taken a t  1.06 c y l i n d e r  diameters upstream 
f rom t h e  . s tagna t i on  l i n e ,  t h e  w i r e  wakes a re  c l e a r l y  v i s i b l e  i n  t h e  mean 
v e l o c i t y  t r ace .  The t u r b u l e n t  f l u c t u a t i o n s  a re  h igh  i n  t h e  w i r e  wakes and low 
i n  t h e  r e l a t i v e l y  undis turbed f l o w  between w i res .  A t  0.095 c y l i n d e r  diameter 
upstream t h e  mean v e l o c i t y  g r e a t l y  decreased, b u t  t h e  depth o f  t h e  wake 
increased, an i n d i c a t i o n  o f  i nc reas ing  v o r t i c i t y  as t h e  s tagnat ion  reg ion  was 
approached. The f l u c t u a t i n g  component o f  v e l o c i t y  a l s o  increased i n  t h e  w i r e  
wakes as t h e  s tagnat ion  reg ion  was approached. 
C i r c u m f e r e n t i a l  t r ave rses .  - A h o t  w i r e  o r i e n t e d  p a r a l l e l  t o  t h e  c y l i n d e r  
a x i s  and l o c a t e d  0.012 c y l i n d e r  d iamete r  f r om  t h e  c y l i n d e r  su r f ace  was 
t r a v e r s e d  i n  t h e  c i r c u m f e r e n t i a l  d i r e c t i o n  +21° a t  a  Reynolds number o f  
125 000 (based on c y l i n d e r  d iamete r ) .  For  t h e  c l e a r  t unne l  ( f i g .  9 ( a ) ;  i . e . ,  
f ree -s t ream tu rbu lence  i n t e n s i t y  l e s s  than  0.5 percen t ) ,  t h e  mean v e l o c i t y  
inc reased  w i t h  ang le  f r om  s tagna t i on  as t h e  f l o w  acce le ra ted  around t h e  body, 
and t h e  f l u c t u a t i n g  component o f  v e l o c i t y  was lowes t  a t  t h e  s t agna t i on  p o i n t .  
Th i s  f u n c t i o n a l  fo rm o f  t h e  f l u c t u a t i n g  v e l o c i t y  w i t h  ang le  was independent o f  
Reynolds number f o r  a l l  f l ows  t e s t e d  w i t h  t h e  c l e a r  t unne l .  For  an a r r a y  o f  
p a r a l l e l  0.05-cm (0.02- in)  d iameter  w i r e s  spaced 12.5 w i r e  d iameters  a p a r t  and 
l o c a t e d  547.5 w i r e  d iameters  upstream of t h e  s t agna t i on  l i n e  ( f i g .  9 ( b ) ) ,  t h e  
mean v e l o c i t y  t r a c e  was i d e n t i c a l  t o  t h a t  f o r  t h e  c l e a r  t unne l ,  b u t  t h e  
f l u c t u a t i n g  v e l o c i t y  had comple te ly  changed. The minimum a t  t h e  s t agna t i on  
l i n e  i n  t h e  c l e a r  t unne l  changed t o  a  maximum, and t h e  l e v e l  away f rom t h e  
s t a g n a t i o n  r e g i o n  decreased. The l a r g e  v a r i a t i o n s  i n  f l u c t u a t i n g  v e l o c i t y  
w i t h  ang le  i n  t h e  c l e a r  t unne l  were damped. Th i s  change i n  cha rac te r  was 
Reynold-number dependent: below a  Reynolds number o f  95 000 (based on 
c y l i n d e r  d iameter ;  730 based on w i r e  d iameter ) ,  t h e  f l u c t u a t i n g  v e l o c i t y  was 
a t  a  minimum a t  t h e  s t agna t i on  p o i n t  w i t h  o r  w i t h o u t  a  w i r e  a r r a y  
( f i g .  9 ( a ) ) .  Above a  Reynolds number o f  95 000 t h e  f l u c t u a t i n g  v e l o c i t y  
looked l i k e  f i g u r e  9 (b ) .  We have no exp lana t i on  f o r  t h i s  phenomenon. 
Simultaneous Flow - Thermal V i s u a l i z a t i o n  
The smoke-wire f l o w  v i s u a l i z a t i o n  and l i q u i d - c r y s t a l  thermal  
v i s u a l i z a t i o n  techniques were combined t o  show t h e  r e l a t i o n s h i p  between 
spanwise v a r i a t i o n s  i n  hea t  t r a n s f e r  and v o r t i c e s  i n  t h e  s tagna t i on  reg ion .  
These v o r t i c e s  were formed f r om t h e  wakes o f  w i r e s  p laced  upstream o f  t h e  
c y l i n d r i c a l  l e a d i n g  edge and arranged as shown i n  f i g u r e  5. The leading-edge 
r e g i o n  f o r  t h e  6.6-cm (2.6- in)  d iamete r  cy l i nd r i ca l - l ead ing -edge  model w i t h  
a f t e r b o d y  taken  a t  a  Reynolds number o f  13 000 i s  shown i n  f i g u r e  10. The 
Reynolds number f o r  t h e  w i r es  was about  100; f o r  w i r e  Reynolds numbers l e s s  
t h a n  120 t h e  wakes were laminar  ( i . e . ,  no Karman t r a i l s  were formed). The 
dark  l i n e s  on t h e  su r f ace  o f  t h e  model were drawn i n  a  1.27-cm (0 .5 - in )  square 
g r i d  p a t t e r n  f o r  v i s u a l  s ca l i ng .  The model and r e l a t i v e  camera p o s i t i o n  a r e  
shown i n  f i g u r e  11. 
The smoke shows t h a t  a  v o r t e x  p a i r  formed f r om t h e  wake o f  each w i r e .  
The v o r t i c e s  were w e l l  o u t s i d e  t h e  t h e o r e t i c a l  l am ina r  boundary l a y e r .  The 
dark ,  v e r t i c a l  s t r i p e s  i n  t h e  l i q u i d  c r y s t a l  were r eg ions  o f  low temperature 
and t hus  h i g h  hea t  t r a n s f e r .  Thus, c o n t r a r y  t o  expec ta t ions ,  t h e  reg ions  o f  
h i g h e s t  hea t  t r a n s f e r  were n o t  under t h e  v o r t i c e s  b u t  between vo r t ex  p a i r s ,  
where t h e  f ree -s t ream tu rbu lence  was lowes t .  I n  t h i s  r e g i o n  t h e  induced 
v e l o c i t y  f r om  ne ighbor ing  v o r t e x  p a i r s  was d i r e c t e d  toward t h e  c y l i n d e r  
su r face .  Conversely, t h e  r e g i o n  o f  minimum hea t  t r a n s f e r  was d i r e c t l y  under 
t h e  v o r t e x  p a i r .  Th i s  was t h e  r e g i o n  o f  h i g h e s t  f ree-s t ream tu rbu lence  as 
measured by a  h o t  w i r e  o u t s i d e  t h e  boundary l a y e r .  F i gu re  12 shows 
schema t i ca l l y  t h e  s p a t i a l  r e l a t i o n s h i p  o f  t h e  w i r es ,  wakes, v o r t e x  p a i r s ,  and 
t h e  peaks i n  hea t  t r a n s f e r .  
The hea t  t r a n s f e r  - v o r t e x  p a t t e r n  was t h e  same f o r  a l l  t h r e e  models used 
( f i g .  4 ) .  It was t h e  same f o r  t h e  c y l i n d e r  w i t h o u t  t h e  a f t e rbody  as f o r  
c y l i n d e r  w i t h  t h e  a f te rbody .  The h a l f - s c a l e  model w i t h  t h e  a f t e rbody  a l s o  had 
t h e  same hea t  t r a n s f e r  p a t t e r n ,  b u t  t h e  v o r t i c e s  appeared sma l l e r  i n  d iamete r  
a t  t h e  same free-stream v e l o c i t y .  The spanwise spacing o f  vor tex  p a i r s  
remained equal t o  t he  w i r e  spacing. The Reynolds number f o r  t he  ha l f - sca le  
model was one-half t h a t  f o r  t he  l a r g e  c y l i n d e r  w i t h  the  af terbody.  
For t h e  ha l f - sca le  model t he  spanwise heat t r a n s f e r  c o e f f i c i e n t  var ied  
a long the  s tagnat ion  l i n e  ( i .e . ,  (maximum h  - minimum h)/0.5 (maximum h  + 
minimum h ) )  from 7 percent  a t  a  Reynolds number o f  16 000 t o  16 percent  a t  a  
Reynolds number of 89 000. This i s  t he  magnitude found f o r  spanwise 
v a r i a t i o n s  i n  mas's t r a n s f e r  caused by pe r iod i c  i r r e g u l a r i t i e s  i n  a  screen 
( r e f .  21). Such measurements were n o t  made f o r  t he  o the r  models. 
High-speed motion p i c tu res  o f  smoke near t h e  stagnat ion p o i n t  o f  t he  
c y l i n d e r  w i thou t  t he  af terbody were taken a t  a  Reynolds number o f  13 000. 
Vor t i ces  s t i l l  were formed i n  the  stagnat ion region, bu t  the  stagnat ion p o i n t  
o s c i l l a t e d  because o f  a l t e r n a t e  vor tex shedding from the  r e a r  o f  t he  c y l i n d e r .  
Vor t i ces  were on ly  v i s i b l e  f o r  Reynolds numbers l ess  than about 120 
(based on w i r e  diameter).  A t  h igher  Reynolds numbers the  w i r e  wakes became 
uns tab le  and f i n a l l y  f u l l y  t u rbu len t ,  making i t  impossible t o  see the  
v o r t i c e s .  The heat t r a n s f e r  pa t te rn ,  however, remained unchanged a t  a l l  
Reynolds numbers, i n d i c a t i n g  t h a t  t he  v o r t i c e s  must s t i l l  be the re  al though 
they  could n o t  be seen. A time-exposure photograph was taken i n  t he  hope t h a t  
t h e  random f l u c t u a t i o n s  from the  w i re  wakes would be averaged out  and the  
r e l a t i v e l y  steady vor tex  p a t t e r n  would thus be made v i s i b l e .  The random 
f l u c t u a t i o n s  were indeed averaged out,  bu t  no steady v o r t i c e s  could be seen. 
SUMMARY OF RESULTS 
This r e p o r t  has presented p re l im ina ry  r e s u l t s  o f  a  study t o  i n v e s t i g a t e  
t h e  r e l a t i o n s h i p  between free-stream turbulence and heat t r a n s f e r  augmentation 
i n  t h e  s tagnat ion  region. The e f f e c t s  o f  f ree-stream turbulence and sur face 
roughness on spanwise-averaged heat t r a n s f e r  were inves t iga ted .  Turbulence 
was measured upstream o f  a  c y l i n d e r  placed i n  t h e  wake o f  an a r ray  o f  p a r a l l e l  
w i res  t h a t  were perpendicular  t o  t he  c y l i n d e r  ax i s .  F i n a l l y ,  f l o w  
v i s u a l i z a t i o n  and thermal v i s u a l i z a t i o n  techniques were combined t o  show t h e  
r e l a t i o n s h i p  between vo r t i ces  i n  t h e  s tagnat ion  reg ion  and spanwise v a r i a t i o n s  
i n  heat  t r a n s f e r .  
The major conclusions were as fo l l ows :  
1. Surface roughness has no e f f e c t  on heat  t r a n s f e r  a t  t he  s tagnat ion  
p o i n t  . 
2. Free-stream turbulence has t h e  same e f f e c t  on heat t r a n s f e r  a t  t he  
s tagnat ion  p o i n t  f o r  smooth and rough cy l i nde rs .  
3 .  The boundary l a y e r  downstream o f  t h e  s tagnat ion  p o i n t  remains laminar  
i n  t h e  presence o f  free-stream turbulence and i s  forced i n t o  t r a n s i t i o n  by 
sur face roughness f o r  t h e  range o f  Reynolds numbers and turbulence l e v e l s  
tes ted .  
4 .  V o r t i c i t y  i n  t h e  form o f  mean v e l o c i t y  g rad ien ts  i s  a m p l i f i e d  as i t  
approaches t h e  s tagnat ion  region.  
5. Turbulent  f l u c t u a t i n g  v e l o c i t y  i s  a m p l i f i e d  as i t  approaches t h e  
s tagnat ion  region,  reaches a  peak, and then i s  damped as i t  approaches t h e  
boundary l aye r .  
6. Heat t r a n s f e r  i n  t h e  s tagnat ion  reg ion  i s  h ighes t  where t h e  t u r b u l e n t  
f l u c t u a t i o n s  a re  lowest .  This occurs between t h e  wakes formed by p a r a l l e l  
w i res  upstream and perpendicu lar  t o  t h e  a x i s  o f  t h e  c y l i n d e r .  This  
corresponds t o  t h e  reg ion  between vor tex  p a i r s ,  where t h e  v e l o c i t y  induced by 
t h e  v o r t i c e s  i s  toward t h e  c y l i n d e r  sur face.  Conversely, t h e  lowest  heat  
t r a n s f e r  occurs where t h e  induced v e l o c i t y  i s  away from t h e  c y l i n d e r  surface. 
7. Vor t i ces  formed i n  t h e  s tagnat ion  reg ion  from mean v e l o c i t y  g rad ien ts  
a re  w e l l  ou ts ide  t h e  t h e o r e t i c a l  laminar  boundary l a y e r .  
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- Relationship of  wire-produced wakes, vortex pairs, and peaks i n  heat transfer. 
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TRANSITION I N  A DISTURBED ENVIRONMENT 
E. Reshotko and D.K. Paik 
Case Western Reserve U n i v e r s i t y  
Cleveland, Ohio 44106 
The t i t l e  o f  t h i s  p resenta t ion  i s  t h e  t i t l e  o f  our  research gran t .  While 
t r a n s i t i o n  study i s  t h e  o b j e c t i v e  o f  t h e  work, t h e  r e s u l t s  t o  da te  a re  p r i n c i -  
p a l l y  on t h e  p rope r t i es  o f  t u r b u l e n t  boundary l aye rs  a t  low Reynolds numbers. 
EXPERIMENTAL EQUIPMENT 
The work was done i n  a  smal l  open-return wind tunne l  o f  poor f l o w  q u a l i t y .  
Furthermore i t s  f l o w  q u a l i t y  could e a s i l y  be made worse. The tunne l  ( f i g .  1 )  
i s  19.7 cm (7-3/4 i n )  h igh.  The t e s t  sec t i on  i s  about 66 cm (26 i n )  long. The 
f l o w  v e l o c i t y  i s  o f  t h e  order  o f  6  m/sec (20 f t / s e c )  so t h a t  u n i t  Reynolds num- 
bers a re  about 366 000/m (120 0 0 0 / f t ) .  The t e s t  p l a t e  spans t h e  tunne l  and 
f i l l s  t h e  l eng th  o f  t h e  t e s t  sec t ion .  The p l a t e  lead ing  edge i s  e l l i p t i c a l ,  
and a  smal l  f l a p  i s  at tached t o  t h e  downstream end o f  t h e  p l a t e  t o  s e t  t h e  
attachment l i n e  on t h e  working s ide  o f  t h e  lead ing  edge o f  t h e  p l a t e .  Measure- 
ments were made over  t h e  f i r s t  18 cm (0.6 f t )  downstream o f  t h e  lead ing  edge by 
us ing  a  t r a n s l a t i n g  hot-wi re probe i n  t h e  spanwise centerplane. No spanwise 
v a r i a t i o n s  a re  measured. Length Reynolds numbers f o r  a l l  o f  t h e  data recorded 
were under 75  000. Test sec t i on  tu rbu lence l e v e l s  were a l t e r e d  by p l a c i n g  
g r i d s  a t  t h e  l o c a t i o n  ahead o f  t h e  c o n t r a c t i o n  i n d i c a t e d  i n  f i g u r e  1. The 
g r i d s  used and t h e  corresponding tes t - sec t i on  tu rbu lence l e v e l s  a re  shown i n  
f i g u r e  2. 
MEAN BOUNDARY-LAYER RESULTS 
The mean boundary-layer development i s  shown i n  f i g u r e  3. I n  t h e  absence 
o f  a  g r i d  t h e  growth o f  Ree ( f i g .  3 (a ) )  seems t o  be laminar,  bu t  t h e  
values are  a t  about tw i ce  t h e  B las ius  l e v e l  f o r  t h e  same d is tance f rom t h e  
l ead ing  edge. With g r i d  1  t h e  boundary l a y e r  s t a r t s  growing a t  a  more r a p i d  
r a t e  (shaded p o i n t s )  beyond 9  cm f rom t h e  lead ing  edge. For g r i d  2 t h e  more 
r a p i d  growth begins a t  about 6  cm f rom t h e  lead ing  edge. The corresponding 
shape f a c t o r s  a re  shown i n  f i g u r e  3(b) .  I n  t h e  absence o f  a  g r i d  t h e  shape 
f a c t o r s  decrease cont inuous ly  f rom about 2.6 t o  1.9 over  t h e  range o f  measure- 
ment. The no-gr id  data are be l ieved t o  be t r a n s i t i o n a l  f o r  reasons t o  be e lab-  
o ra ted  l a t e r .  With g r i d s  1  and 2  t h e  shaded p o i n t s  corresponding t o  t h e  more 
r a p i d  growth i n  momentum th ickness i n  f i g u r e  3 (a)  have shape f a c t o r s  below 1.7 
and are  be l ieved t o  be t u r b u l e n t .  For these p o i n t s  a  shear v e l o c i t y  u, 
cou ld  be obta ined by f i t t i n g  t h e  p r o f i l e s  t o  a  law o f  t h e  w a l l .  
An example o f  t h e  de termina t ion  o f  u, i s  shown i n  f i g u r e  4 f o r  t h e  
g r i d  2 p r o f i l e  a t  x  = 9 cm. The law-of- the-wal l  expression used i s  t h e  a lge-  
b r a i c  form developed by Musker ( r e f .  1 )  t h a t  inc ludes  t h e  laminar  sublayer  and 
t h e  b u f f e r  l a y e r  and i n  t h e  l o g - l i n e a r  reg ion  d i sp lays  Coles'  constants 
( r e f .  2 ) .  By comparing t h e  experimental  p o i n t s  made dimensionless w i t h  d i f -  
f e r e n t  values o f  u, w i t h  t h e  Musker curve, a  va lue o f  u, o f  0.34 m/sec 
(1.12 f t / s e c )  was chosen based p r i m a r i l y  on t h e  p o i n t s  i n  t h e  near l o g - l i n e a r  
reg ion.  A more impressive f i t  i s  shown i n  f i g u r e  5. To be noted i n  both 
f i g u r e s  4  and 5  i s  t h e  absence o f  a  wake component t o  t h e  v e l o c i t y  p r o f i l e .  
This  i s  t r u e  o f  a l l  t h e  p o i n t s  obtained w i t h  g r i d s  1  and 2  t h a t  a re  i d e n t i f i e d  
as t u r b u l e n t .  
For t h e  no-gr id  case ( f i g .  6) a  shear v e l o c i t y  de termina t ion  :auld n o t  be 
made i n  t h i s  way as t h e  p r o f i l e s  d i d  n o t  d i s p l a y  law-of- the-wal l  s i m i l a r i t y .  
Hence what i s  p l o t t e d  i s  u/ue versus y/6. The boundary-layer th ickness  
6 i s  n o t  a  measured th ickness.  Rather i t  i s  computed from t h e  displacement 
th ickness  and shape f a c t o r  by us ing t h e  r e l a t i o n  6/6* = (H + 1 ) / (H  - 1). Wi th 
t h i s  no rma l i za t i on  t h e  l o c a t i o n  where y/b = 1  corresponds t o  a  0.95 veloc-  
i t y  r a t i o .  The p r o f i l e s  a re  co l lapsed f o r  y  > 6, w h i l e  f o r  y  < 6 t h e  
v e l o c i t y  p r o f i l e s  f i l l  o u t  w i t h  d is tance downstream. This  supports t h e  i d e n t -  
i f i c a t i o n  o f  t h e  no-gr id  data as t r a n s i t i o n a l .  
Next, we consider  t h e  s k i n  f r i c t i o n  behavior  o f  t h e  t u r b u l e n t  p o i n t s  
obta ined w i t h  g r i d s  1 and 2. Shown i n  f i g u r e  7 i s  a  semilog p l o t  o f  ue/u, 
versus Ree. The present  data a re  t h e  shaded p o i n t s  i n  t h e  lower l e f t  o f  t h e  
f i g u r e ,  which correspond t o  t h e  shaded p o i n t s  i n  f i g u r e  3. The o the r  p o i n t s  
come from p r i o r  i n v e s t i g a t i o n s  o f  f l a t - p l a t e  t u r b u l e n t  boundary l aye rs  a t  low 
tu rbu lence l e v e l s  and i nc lude  t h e  Wieghardt data as reduced by Coles ( r e f .  3) ,  
t h e  data o f  P u r t e l l ,  K lebanof f ,  and Buckley ( r e f .  4). and t h e  data o f  M u r l i s ,  
Tsai,  and Bradshaw ( r e f .  5) .  A l l  these data a t  low tu rbu lence l e v e l  seem con- 
s i s t e n t  w i t h  each o the r  and w i t h  Coles'  ( r e f .  2) model based on a  d im in i sh ing  
wake s t reng th  as Ree reduces toward a  value j u s t  below 500. The present  
data d i s p l a y  bo th  t h e  l e v e l  and slope f o r  ue/u, versus Ree o f  a  
boundary l a y e r  t h a t  has no wake s t rength .  This  i s  seen by comparison w i t h  t h e  
ca l cu la ted  curve from t h e  Musker p r o f i l e  f o r  n = 0. 
I n  1962, Coles ( r e f .  2)  d i d  a l l u d e  t o  t h e  reduc t ion  i n  wake s t reng th  and 
e levated s k i n  f r i c t i o n  t o  be expected w i t h  an increase i n  tu rbu lence l e v e l .  A 
more p l a u s i b l e  phys ica l  hypothesis has been advanced by Huffman and Bradshaw 
( r e f .  6) through t h e i r  comparison o f  t u r b u l e n t  boundary l aye rs  developing under 
a  quiescent  i r r o t a t i o n a l  f r e e  stream w i t h  t h e  t u r b u l e n t  f l o w  i n  pipes, where 
t h e  t u r b u l e n t  core i s  n e i t h e r  quiescent nor  i r r o t a t i o n a l .  I n  t h e  l a t t e r  f l o w  
t h e r e  i s  no observable wake; i n  t h e  former t he re  i s  d e f i n i t e l y  a  wake component 
t o  t h e  v e l o c i t y  p r o f i l e s .  For t h e  t u r b u l e n t  boundary l a y e r  a t  low Reynolds 
numbers i n  quiescent  environments, Huffman and Bradshaw a t t r i b u t e  t h e  eros ion  
o f  t h e  wake component t o  t h e  increased importance o f  t h e  viscous super layer  - 
t h e  i n t e r f a c e  between t h e  boundary l a y e r  and t h e  i r r o t a t i o n a l  ex te rna l  f l o w  - 
i n  eroding t h e  wake component. For ex te rna l  f lows a t  e levated free-stream 
tu rbu lence - by analogy t o  t h e  s i t u a t i o n  i n  pipes - t h e  wake component i s  
eroded more severe ly  i f  n o t  e n t i r e l y  as i n  t h e  present  r e s u l t s .  An at tempt  
w i l l  be made i n  our  f u t u r e  work t o  develop t h i s  argument f u r t h e r  i n  con junc t ion  
w i t h  o the r  data sets  f o r  t u r b u l e n t  boundary l aye rs  developing i n  d i s tu rbed  
streams. 
DISTURBANCE FLOW RESULTS 
Figures 8 and 9 show t h e  l o n g i t u d i n a l  tu rbu lence i n t e n s i t y  d i s t r i b u t i o n  
a t  var ious values o f  Ree f o r  t h e  g r i d  1  and g r i d  2  data, respec t i ve l y .  
The peak value o f  ul/u, i s  about 2.35 t o  2.4 a t  y+ = 13. The approximate 
s i m i l a r i t y  shown i n  t h e  f i g u r e s  i s  i n  good agreement w i t h  t h e  r e s u l t s  o f  
P u r t e l l  e t  a l .  ( r e f .  4) .  Beyond t h e  peak, t h e  data p o i n t s  f a l l  u n t i l  t hey  
eventual  l y  l e v e l  a t  u;/u, corresponding t o  t h e  f ree-stream d is tu rbance 
l e v e l .  Taken together  w i t h  t h e  ue/u, values f o r  these p r o f i l e s ,  they  g i v e  a  
measure o f  t h e  free-stream d is tu rbance l e v e l ,  which t u r n s  o u t  t o  be about 
5.5 percent  f o r  g r i d  1  and 6.7 percent  f o r  g r i d  2. The P u r t e l l  e t  a l .  ( r e f .  4) 
da ta  shown i n  f i g u r e  9  i n d i c a t e  s i g n i f i c a n t l y  lower free-stream dis turbance 
l e v e l s  and a l s o  some spreading w i t h  Reynolds number beyond t h e  peak. One can 
perhaps surmise t h e  Reynolds number dependence o f  v iscous super layer  e f f e c t s  
i n  t h e  P u r t e l l  data t h a t  a re  absent i n  t h e  present  r e s u l t s  f o r  h igh  free-stream 
d is tu rbance l e v e l s .  
For t h e  no-gr id  case ( f i g .  l o ) ,  we do n o t  have u, as a  reference quan- 
t i t y .  P l o t t e d  i n  f i g u r e  10 t h e r e f o r e  i s  u ' / ue  versus y/&*. The p r o f i l e s  
f i l l  o u t  w i t h  d is tance downstream, b u t  t h e  peak values occur c o n s i s t e n t l y  a t  
y/&* o f  about 1.2, very c lose  t o  t h e  l o c a t i o n  o f  y/6* = 1.33 f o r  which t h e  
low-frequency u '  peak was observed i n  laminar  f lows a t  low free-stream t u r -  
bulence l e v e l s  by Klebanoff  ( r e f .  7) and others.  It would be o f  i n t e r e s t  t o  
see i f  t h e  Klebanof f  argument when app l i ed  t o  law-of- the-wal l  t u r b u l e n t  p ro-  
f i l e s  exp la ins  t h e  observed peak a t  y+ = 13. 
It i s  o f  i n t e r e s t  a t  t h i s  p o i n t  t o  look a t  d is turbance spectra.  F igure  11 
shows spec t ra  taken i n  t h e  f r e e  stream 6  cm downstream o f  t h e  lead ing  edge o f  
t h e  p l a t e  f o r  t h e  th ree  free-stream d is tu rbance l e v e l s .  Note t h e  increase i n  
i n t e n s i t y  a t  t h e  low f requencies w i t h  increase i n  tu rbu lence l e v e l  due t o  t h e  
g r i d s .  I n s i d e  t h e  boundary layer ,  t h e  spectra f o r  g r i d s  1  and 2  ( f i g s .  12 and 
13, respec t i ve l y )  a re  e s s e n t i a l l y  unchanged w i t h  downstream d is tance a t  these 
h igh  d is turbance l e v e l s .  For t h e  no-gr id  case, however, t he re  a re  progress ive 
changes i n  t h e  shape and i n t e n s i t y  o f  t h e  spectra ( f i g .  14). Although t h e  
i n t e n s i t i e s  t he re  a re  smal l ,  t h e  l a r g e s t  growth ra tes  occur i n  t h e  f r e  uency 
range 50 t o  100 HZ ( f i g .  15), corresponding t o  BV/U$ between 120x10- 8 
and 250x10-6. It i s  premature t o  asc r i be  any l i n e a r  i n s t a b i l i t y  connotat ions 
t o  t h i s  r e s u l t .  
SUMMARY 
The fo rego ing  i s  an i n t e r i m  r e p o r t  o f  our  i n v e s t i g a t i o n .  It i s  apparent 
t h a t  t he re  i s  much y e t  t o  be done. One t h i n g  t h a t  i s  f a i r l y  c l e a r  i s  t h a t  no 
standard laminar  f l o w  was observed. Furthermore t h e  t u r b u l e n t  mean f l o w  data 
seem reasonable f o r  t h e ' e l e v a t e d  d is turbance l e v e l s  o f  our  t e s t s  i n  t h e  sense 
t h a t  t he re  i s  no d i s c e r n i b l e  wake component t o  any o f  t h e  p r o f i l e s  and t h a t  
t h e  v a r i a t i o n  o f  s k i n  f r i c t i o n  w i t h  Ree i s  cons i s ten t  w i t h  zero wake 
s t rength .  The no-gr id  data a re  i n  a l l  l i k e l i h o o d  t r a n s i t i o n a l .  This  case 
requ i res  a d d i t i o n a l  concentrated study i n  o rder  t o  o b t a i n  more d e f i n i t e  i n f o r -  
mation regard ing t h e  t r a n s i t i o n  process i n  a  d i s tu rbed  environment. 
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Figure 1.  - Schematic diagrams o f  wind tunnel and tes t  p late .  (Dimensions are  i n  inches.) 
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Figure 2. - Shapes and dimensions of  grids. 
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Figure 3. - Mean boundary-layer development. 
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Figure 4. - Mean-velocity profile at 9 an - grid 2. u, = 1.12 ft/sec. 
Figure 5. - Mean-velocity profile at 15 an - grid 2. u, = 1.09 ft/sec. 
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Figure 8. - Distribution of  longitudinal fluctuating velocity - grid 1. 
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Figure 9. - Distribution of longitudinal fluctuating velocity - grid 2. 
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Figure 10. - Disturbance profiles for no-grid case. 
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Figure 11. - Free-stream turbulence spectra, 0-250 Hz. 
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Figure 12. - Spectra of  u' with increasing distance from leading edge - grid 1. 
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Figure 13. - Spectra of  u' with increasing distance from leading edge - grid 2. 
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Figure 15. - Relative amp1 i-tudes o f  selected frequencies - no grid. 
EXPERIMENTAL OBSERVATION OF TRANSITION BEHAVIOR ON A FLAT PLATE 
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INTRODUCTION 
I n  s tudy ing  t r a n s i t i o n  behavior  a shock tube and tunne l  were used t o  pro-  
duce h igh  temperatures, and t h i n - f i l m  p la t i num heat  gauges were used t o  measure 
l o c a l  heat  f l u x  as w e l l  as t o  d e t e c t  t h e  t r a n s i t i o n  o f  t h e  laminar  boundary 
l a y e r  over  a f l a t  p l a t e  and a cone. I n i t i a l  i n v e s t i g a t i o n s  were conducted i n  
t h e  hypersonic shock tunne l  t o  o b t a i n  high-temperature i n fo rma t i on  f o r  t h e  
development o f  an ICBM nose cone. Shock Mach numbers as l a r g e  as 50 w i t h  a 
temperature o f  15 000 K a f t e r  t h e  i n c i d e n t  wave were produced i n  t h e  d r i v e n  
tube ( r e f .  1 ) .  And now we are  us ing  shock tubes t o  i n v e s t i g a t e  t h e  heat  t r ans -  
f e r  over  var ious  sur faces t o  2500 K f o r  t h e  development o f  f u t u r e  gas tu rb ines .  
The shock tube i s  an i d e a l  method o f  producing high-temperature gas f o r  
which t h e  e q u i l i b r i u m  p r o p e r t i e s  a re  f a i r l y  w e l l  known. T h i n - f i l m  p la t i num 
heat  gauges are  e i t h e r  spu t te red  ( r e f .  2) o r  pa in ted  ( r e f .  3 ) .  These gauges, 
w i t h  a response t ime o f  1  psec are  e f f e c t i v e  i n  d e t e c t i n g  t h e  t r a n s i t i o n  o f  
t h e  laminar  boundary l a y e r  ( r e f s .  3  t o  6) as w e l l  as i n  measuring t h e  l o c a l  
heat  f l u x .  
I w i l l  descr ibe t h e  shock tubes t h a t  were cons t ruc ted  a t  Rensselaer 
Poly technic  I n s t i t u t e ,  under t h e  sponsorship o f  D r .  R.  Graham o f  t h e  NASA Lewis 
Research Center and D r .  W .  Aung o f  t h e  Nat iona l  Science Foundation, t o  o b t a i n  
heat  t r a n s f e r  i n fo rma t i on  over  a temperature range 360 t o  2500 K f o r  t h e  design 
o f  advanced j e t  engines. I w i l l  descr ibe  t h e  t h i n - f i l m  heat  gauges t h a t  were 
developed and some o f  t h e  experimental  heat  t r a n s f e r  r e s u l t s  f o r  laminar ,  
t r a n s i t i o n ,  and t u r b u l e n t  boundary l aye rs .  The t r a n s i t i o n  phenomenon has been 
i n v e s t i g a t e d  w i t h  heat gauges s ince  1960 i n  shock tubes and tunnels ;  some o f  
t h e  r e s u l t s  a re  presented i n  references 2 t o  8. 
DESCRIPTION OF SHOCK TUBES AND HEAT GAUGES 
RPI Low- and High-Pressure Shock Tubes 
R P I  low- and high-pressure shock tubes ( r e f s .  3  and 7) a re  shown i n  f i g u r e  
1 .  Both o f  these shock tubes a re  21 m (70 f t )  long w i t h  a diameter o f  10.2 cm 
( 4  i n ) ,  and t h e  d r i v e r s  a re  3 m (10 f t )  long w i t h  18.3 ( 6 0 - f t )  long  d r i v e n  
tubes. The low-pressure tube i s  copper t u b i n g  w i t h  a maximum pressure o f  690 
kPa (100 p s i ) ;  t h e  maximum pressure f o r  t h e  s t a i n l e s s  s t e e l  tube i s  12 400 kPa 
(1800 p s i ) .  I n  t h e  high-pressure shock tube i t  i s  poss ib le  t o  o b t a i n  heat  
t r a n s f e r  da ta  a t  a  pressure o f  4150 kPa (600 p s i )  and temperatures t o  2500 K 
f o r  f u t u r e  water-cooled gas t u r b i n e s  f o r  generat ing power. A t  t h e  end o f  t h e  
high-pressure shock tube a nozzle w i t h  an e x i t  diameter o f  60 cm (24 i n )  can 
be attached. With t h i s  hypersonic nozzle a f l o w  Mach number o f  25 i n  a i r  has 
been achieved ( r e f .  1 ) .  
A t  p resen t  we a r e  us i ng  bo th  shock tubes t o  o b t a i n  hea t  t r a n s f e r  over  f l a t  
p l a t e s  w i t h  and w i t h o u t  p ressure  g rad ien t s ,  s t a g n a t i o n  p o i n t  hea t  t r a n s f e r  f o r  
c i r c u l a r  c y l i n d e r s ,  and hea t  t r a n s f e r  i n  gas t u r b i n e  vanes. The r e s u l t s  
ob ta ined  i n  t h e  low-pressure shock tube  on t h e  l am ina r  boundary- layer  t r a n s i -  
t i o n  and hea t  t r a n s f e r  f o r  l aminar ,  t r a n s i t i o n ,  and t u r b u l e n t  boundary l a y e r s  
w i  11 be d iscussed.  
To o r i e n t  people  who a r e  n o t  f a m i l i a r  w i t h  t h e  shock t ube  technique,  t h e  
o p e r a t i o n  o f  t h e  shock tube  i s  b r i e f l y  descr ibed.  A shock tube  ( x - t )  d iagram 
i s  presented i n  f i g u r e  2. The pressures i n  t h e  d r i v e r  and d r i v e n  tubes a re  
se l ec ted  t o  produce t h e  des i r ed  heated a i r  i n  t h e  t e s t  s e c t i o n  ( r e f .  9 ) .  The 
l o c a t i o n s  o f  t h e  shock wave, t h e  c o n t a c t  su r face ,  and t h e  head o f  t h e  r a r e f a c -  
t i o n  wave i n  t h e  d r i v e r  a f t e r  t h e  diaphragm sepa ra t i ng  t h e  d r i v e r  and t h e  
d r i v e n  tube  i s  broken and a t  t i m e  t = tl a r e  shown i n  f i g u r e  2. Across t h e  
i n c i d e n t  shock wave t h e  gas i s  heated t o  temperature T2, compressed t o  p res -  
su re  P2, and impar ted f l o w  v e l o c i t y  V2. The i n c i d e n t  shock wave i s  
r e f l e c t e d  f r om t h e  end o f  t h e  tube  (as  shown i n  f i g .  2  f o r  t i m e  t = t 2 ) .  
A f t e r  t h e  r e f l e c t e d  shock wave t h e  gas i s  f u r t h e r  heated t o  temperature T5 
and compressed t o  p ressure  Pg. For  a  s o l i d  end w a l l  t h e  f l o w  v e l o c i t y  a f t e r  
t h e  r e f l e c t e d  shock wave i s  zero and i s  a  f u n c t i o n  o f  t h e  r a t i o  o f  t h e  open 
area i n  t h e  end w a l l  t o  t h e  shock tube  c ross - sec t i ona l  area.  By s e l e c t i n g  t h i s  
area r a t i o  i t  i s  p o s s i b l e  t o  produce t h e  des i r ed  f l o w  Mach numbers o f  0.15 and 
0.45 a f t e r  t h e  r e f l e c t e d  shock wave t o  s imu la te  t h e  i n l e t  f l o w  Mach numbers f o r  
gas t u r b i n e  vanes and blades, r e s p e c t i v e l y .  
Heat t r a n s f e r  d i s t r i b u t i o n  over  bodies can be determined i n  r e g i o n  2 a f t e r  
t h e  i n c i d e n t  shock wave o r  i n  r e g i o n  5  a f t e r  t h e  r e f l e c t e d  shock wave f r om t h e  
r e f l e c t i o n  p l a t e  ( r e f s .  3, 7 ,  and 8 ) .  The d u r a t i o n  o f  t h e  t e s t  t i m e  i n  t h e  
t e s t  s e c t i o n  i s  l i m i t e d  by t h e  a r r i v a l  o f  t h e  expansion wave f r om t h e  d r i v e r  
end ( f i g .  2 ) .  The shock tube  i s  a  ve r y  e f f e c t i v e  method f o r  p roduc ing  h i gh -  
temperature and h igh-pressure gas f o r  which t h e  thermodynamic p r o p e r t i e s  a r e  
w e l l  d e f i n e d  f o r  t h e  e q u i l i b r i u m  c o n d i t i o n .  
A t e s t  s e c t i o n  w i t h  a  square c ross  s e c t i o n  w i t h  area equal  t o  t h a t  o f  t h e  
10.2-cm ( 4 - i n )  d iamete r  d r i v e n  tube  was cons t ruc ted  and a t t ached  t o  t h e  end o f  
t h e  low-pressure shock tube .  Th i s  s e c t i o n  was cons t ruc ted  w i t h  a d j u s t a b l e  t o p  
and bot tom w a l l s  t o  p e r m i t  t e s t i n g  w i t h  a  p ressure  g r a d i e n t  ove r  t h e  f l a t  p l a t e  
( f i g .  3 )  f o r  s i m u l a t i n g  t h e  a c c e l e r a t i n g  f l o w  ove r  vanes and b lades .  Windows 
a r e  mounted t o  s i d e  w a l l s  f o r  t a k i n g  s c h l i e r e n  photographs o f  t h e  boundary 
l a y e r  over  t h e  f l a t  p l a t e .  
P i e z o e l e c t r i c  p ressure  t ransducers  (e.g. !  f i g .  4 )  a r e  l o c a t e d  i n  t h e  t e s t  
s e c t i o n  t o  measure t h e  p ressure  a f t e r  t h e  i n c i d e n t  and r e f l e c t e d  shock waves. 
The response t i m e  o f  t h e  q u a r t z  p ressure  gauges i s  approx imate ly  1 0  psec. 
T h i n - f i l m  p l a t i n u m  hea t  gauges were cons t ruc ted  by p a i n t i n g  t h e  p l a t i n u m  
on t h e  Pyrex subs t ra te ,  which was p laced  i n  an oven t o  evaporate  t h e  s o l v e n t  
and t o  cause t h e  p l a t i n u m  t o  adhere t o  t h e  Pyrex. The p l a t i n u m  i s  app rox i -  
ma te l y  104 A t h i c k  and has a  r e s i s t a n c e  o f  about  15 a. A t  t h e  General 
E l e c t r i c  Research and Development Center t h e  hea t  gauges were f a b r i c a t e d  by 
s p u t t e r i n g  p l a t i n u m  t o  t h e  g l ass  t o  a  t h i c kness  o f  approx imate ly  300 A 
( r e f s .  2  and 4  t o  6 ) .  These p l a t i n u m  hea t  gauges have a  response t i m e  o f  a  few 
microseconds and a  c u r r e n t  o f  approx imate ly  30 mA. The hea t  gauge power supp ly  
schematic i s  shown i n  f i g u r e  5. A change i n  t h e  su r f ace  temperature due t o  t h e  
hea t  t r a n s f e r  inc reases  t h e  r e s i s t a n c e  of t h e  p l a t i n u m  and causes a  v o l t a g e  
change t h a t  i s  recorded on t h e  osc i l loscope.  A computer i s  used t o  c a l c u l a t e  
t h e  heat f l u x  from t h e  vol tage t r a c e  ( r e f s .  2, 3, and 7) .  
A f l a t  p l a t e  w i t h  a  span of 9 cm (3.55 i n )  and w i t h  t h i n - f i l m  p la t inum 
heat  gauges i s  shown i n  f i g u r e  6. The p la t inum f i l m  i s  about 0.305 cm 
(0.12 i n )  long and 0.15 cm (0.06 i n )  wide and t h e  diameter o f  t h e  g lass d i s k  
i s  0.13 cm (0.05 i n ) .  With these heat  gauges i t  i s  poss ib le  t o  measure the  
l o c a l  heat f l u x  as w e l l  as t o  de tec t  t he  t r a n s i t i o n  o f  t h e  laminar  boundary 
l aye r .  
EXPERIMENTAL RESULTS AND DISCUSSION 
For eva lua t ing  the  l o c a l  heat t r a n s f e r  r a t e  i t  i s  necessary t o  determine 
t h e  heat gauge constant  0,  which i s  def ined as 
where p, C , and k a re  the  dens i ty ,  s p e c i f i c  heat,  and thermal conduc- 
t i v i t y  o f  tRe backing ma te r ia l  and a i s  the  thermal r e s i s t i v i t y  o f  p l a t i -  
num. The gauge constants I3 a re  used i n  c a l c u l a t i n g  t h e  heat t r a n s f e r  f o r  
each gauge. The gauge constant  was obta ined by accura te ly  eva lua t ing  the  i n i -  
t i a l  vo l tage jump t h a t  i s  d isp laced on an osc i l loscope t r a c e  when t h e  i n c i d e n t  
shock wave passes over t he  heat gauge. The expression f o r  t h e  heat gauge 
constant  i s  
where 10 and Ro are  i n i t i a l  gauge cu r ren t  and res is tance,  A E  t h e  step 
change i n  vol tage,  kw t h e  thermal c o n d u c t i v i t y  a t  t he  wa l l ,  Tw the  w a l l  tem- 
perature,  Twi t h e  i nsu la ted  w a l l  temperature, vw t h e  k inemat ic  v i s c o s i t y  a t  
t h e  w a l l ,  U2 t h e  v e l o c i t y  behind t h e  normal s t a t i o n a r y  shock, U1 t h e  f ree -  
stream v e l o c i t y ,  and S1(0 )  a  c o e f f i c i e n t  tabu la ted  i n  reference 10. 
The heat gauge t races  f o r  laminar,  t r a n s i t i o n ,  and t u r b u l e n t  boundary 
l aye rs  a re  presented i n  f i g u r e  7 f o r  t he  f l o w  over a  f l a t  p l a t e  ( f i g .  3),  w i t h  
a  f l o w  Mach number a f t e r  a  r e f l e c t e d  shock wave o f  0.12 and a  gas temperature 
o f  405 K. The laminar  t r a c e  f o r  a  low Reynolds number ( f i g .  7 (a ) )  i s  smooth 
a f t e r  t h e  passage o f  t he  r e f l e c t e d  shock wave. As the  Reynolds number 
increases, t he  t r a n s i t i o n  t r a c e  ( f i g .  7 (b ) )  shows o s c i l l a t i o n s  associated w i t h  
t h e  passage o f  t u r b u l e n t  burs ts  over  t h e  heat gauge. For h igh  Reynolds number 
w i t h  a  t u r b u l e n t  boundary l a y e r  t he  heat gauge t r a c e  ( f i g .  7 ( c ) )  has a  r e l a -  
t i v e l y  smooth parabo l ic  shape w i t h  a superimposed high-frequency o s c i l l a t i o n  
caused by t h e  presence o f  t u r b u l e n t  eddies. S i m i l a r  heat gauge t races  were 
observed f o r  laminar,  t r a n s i t i o n ,  and t u r b u l e n t  boundary l aye rs  over a  10" cone 
o f  1.2-m ( 4 - f t )  length  a t  Mach 10 ( r e f s .  4  and 5) and o f  2.4-m ( 8 - f t )  length  
f o r  Mach 16 ( r e f .  6) and on t h e  shock tube w a l l  ( r e f .  3 ) .  The t u r b u l e n t  t r a c e  
i nd i ca tes  the  decrease i n  vo l tage output  from t h e  i n i t i a t i o n  o f  t h e  f l o w  over 
t h e  f l a t  p l a t e .  This  decrease i s  due t o  t h e  expansion wave f rom t h e  shock tube 
d r i v e r  a r r i v i n g  i n  t he  t e s t  sec t i on  ( f i g .  2).  
The exper imenta l  hea t  t r a n s f e r  r a t e  was reduced f r om t h e  vo l tage- t ime 
o s c i l l o s c o p e  t r a c e s  presented i n  f i g u r e  7. The v o l t a g e  t r a c e s  were t h e n  d i g i -  
t i z e d  by  u s i n g  a  Ta los d i g i t i z e r  t o  eva lua te  t h e  cor responding l o c a l  hea t  f l u x  
as a  f u n c t i o n  o f  t i m e  and t h e  f o l l o w i n g  equa t ion  d e r i v e d  by  V i d a l  ( r e f .  11)  was 
used: 
Th i s  equa t i on  i s  so lved  by numer ica l  i n t e g r a t i o n  th rough  a  computer program on 
t h e  I B M  3033 and by us i ng  t h e  d i g i t i z e d  v o l t a g e  da ta  t o  o b t a i n  t h e  exper imenta l  
va l ue  f o r  t h e  l o c a l  hea t  t r a n s f e r  r a t e ,  Stanton,  and Nusse l t  numbers as func-  
t i o n s  o f  t ime .  
The exper imenta l  r e s u l t s  f o r  t h e  l am ina r  boundary- layer  hea t  t r a n s f e r  t o  
t h e  shock tube  w a l l  ( r e f .  3)  and f l a t  p l a t e  ( r e f s .  7  and 8) agreed w e l l  w i t h  
M i r e l s '  ( r e f .  10)  p r e d i c t i o n  f o r  t h e  v a r i a t i o n  w i t h  t i m e  o f  t h e  heat  f l u x  a f t e r  
t h e  passage o f  t h e  i n c i d e n t  shock wave (as  shown i n  f i g .  8  f o r  t h e  shock tube  
w a l l ) .  S i m i l a r  l am ina r  hea t  t r a n s f e r  v a r i a t i o n  w i t h  t ime  a f t e r  t h e  i n c i d e n t  
shock wave was observed f o r  t h e  f l a t  p l a t e  ( r e f s .  7  and 8) a t  l ow Reynolds 
numbers. 
The d i g i t i z e d  v o l t a g e  t r a c e  and t h e  cor responding l o c a l  hea t  f l u x  f o r  
' l a m i n a r ,  t r a n s i t i o n ,  and t u r b u l e n t  boundary l a y e r s  f o r  t h e  hea t  gauge l o c a t e d  
7.95 cm (5.16 i n )  f rom t h e  l e a d i n g  edge o f  t h e  f l a t  p l a t e  a r e  presented i n  
f i g u r e s  9(a)  t o  ( c ) ,  r e s p e c t i v e l y ,  f o r  a  gas temperature o f  416 K, Mach 0.12, 
and a  wal l - to-gas temperature 0.71 ( r e f .  12 ) .  A l am ina r  boundary l a y e r  was 
observed f o r  a  Reynolds number o f  9.96x103, and t h e  d i g i t i z e d  vo l t age  t r a c e  
and t h e  hea t  f l u x  a r e  presented i n  f i g u r e  9 ( a ) .  The l am ina r  boundary l a y e r  
ove r  t h e  p l a t e  a f t e r  t h e  passage o f  a  r e f l e c t e d  shock wave i s  e s t a b l i s h e d  i n  
approx imate ly  1  msec. There i s  a  s c a t t e r  i n  t h e  hea t  f l u x  r e s u l t  due t o  t h e  
d i g i t i z i n g  o f  t h e  hea t  gauge vo l t age  t r a c e .  For  a  Reynolds number o f  4 . 7 2 ~ 1 0 ~  
t h e  boundary l a y e r  ove r  t h e  p l a t e  i s  i n  t h e  t r a n s i t i o n  regime w i t h  l a r g e  v a r i -  
a t i o n s  i n  t h e  l o c a l  hea t  f l u x  ( f i g .  9 ( b ) ) .  These l a r g e  f l u c t u a t i o n s  f o r  t h e  
t r a n s i t i o n  boundary l a y e r  a re  caused by t h e  passage o f  t u r b u l e n t  b u r s t s  ove r  
t h e  hea t  gauge (as  observed p r e v i o u s l y  i n  r e f s .  3  t o  8 ) .  The f a s t  response 
t i m e  o f  t h e  t h i n - f i l m  p l a t i n u m  hea t  gauge d e t e c t s  t h e  v a r i a t i o n  i n  t h e  hea t  
f l u x  t o  t h e  su r face .  A f u l l y  developed t u r b u l e n t  boundary l a y e r  was observed 
f o r  a  Reynolds number o f  1 .32x106 ( f i g .  9 ( c ) ) .  The d i g i t i z e d  v o l t a g e  t r a c e  
i s  r e l a t i v e l y  smooth and decreases a f t e r  12 msec when t h e  expansion wave 
a r r i v e s  f r om  t h e  d r i v e r  s e c t i o n  ( f i g .  2 ) .  The corresponding hea t  f l u x  i s  
n e a r l y  cons tan t  f o r  t h e  d u r a t i o n  o f  t h e  t e s t  gas ove r  t h e  hea t  gauge. Once t h e  
boundary l a y e r  i s  f u l l y  t u r b u l e n t  ove r  t h e  p l a t e ,  a  sub laye r  e x i s t s  near  t h e  
su r f ace  o f  t h e  p l a t e ,  and consequent ly  t h e  v o l t a g e  t r a c e  i s  smooth w i t h  sma l l -  
amp l i tude ,  h igh- f requency f l u c t u a t i o n s  ( r e f s .  3  t o  8 ) .  
CONCLUSIONS 
A shock t ube  i s  a  u s e f u l  dev i ce  t o  produce shock-heated a i r  ove r  a  tem- 
p e r a t u r e  range o f  350 t o  2500 K.  By us i ng  a  r e f l e c t e d  shock wave techn ique  i t  
i s  p o s s i b l e  t o  produce f l o w  Mach numbers o f  0.12 and 0.45 t o  s imu la te  t h e  f l o w  
Mach numbers f o r  f u t u r e  gas t u r b i n e  vanes and blades, r e s p e c t i v e l y .  And i t  i s  
p o s s i b l e  t o  produce pressures as h i g h  as 40 atm a f t e r  t h e  r e f l e c t e d  shock wave. 
Going f rom a c i r c u l a r  d r i v e n  tube  t o  a square t e s t  s e c t i o n  and d e f l e c t i n g  
t h e  t o p  and bottom w a l l s  pe rm i t t ed  t h e  i n v e s t i g a t i o n  o f  t h e  e f f e c t s  o f  p ressure  
g r a d i e n t  on t h e  hea t  t r a n s f e r  t o  a f l a t  p l a t e .  Th is  method s imu la tes  t h e  
a c c e l e r a t i n g  f l o w  through vanes and blades. 
T h i n - f i l m  p l a t i n u m  hea t  gauges w i t h  a response t i m e  o f  approx imate ly  
1 psec can be used t o  d e t e c t  t h e  t r a n s i t i o n  phenomena f o r  t h e  laminar  bound- 
a r y  l a y e r  i n  subsonic t o  hypersonic  f l ows .  A computer i s  used t o  c a l c u l a t e  
f rom t h e  hea t  gauge vo l t age  ou tpu t  t h e  l o c a l  heat  f l u x  f o r  laminar ,  t r a n s i t i o n ,  
and t u r b u l e n t  boundary l a y e r s  f o r  gas temperatures as h i g h  as 2500 K. 
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High Pressure Shock Tube
Low Pressure Shock Tube
Figure l. - RPI shocktube.
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Figure2. - Idealwavesystemin a shocktube.
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Figure 3. - Schenaticof square test section.
Figure 4. - Kistler type-603 quartz pressuregaugeand lead-zirconate-titanate piezoelectric crystal.
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Figure 5 .  - Schematic of  heat gauge power supply. 
Figure 6. - Heat gauges mounted i n  f l a t  plate.  
(a) Laminar, Re/m = 698. 
(b) Transition, Re/m = 3000. 
(c) Turbulent, Re/m = 93 200. 
Figure 7 .  - Heat gauge traces for laminar, transition, and turbulent boundary layers. M = 0.12; 
Tg = 405 K.  
0 EXPERIMENT 
I I I L 
3.5 1 .O 1.5 2.0 2.5 3.0 
msec 
Figure 8. - Local heat transfer rate for laminar boundary layer. M2 = 0.697; T2 = 409 K; 
Re/m = 2 . 4 8 ~  103. 
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Figure 9. - Dig i t i zed  voltage traces and heat transfer f o r  laminar boundary layer 

FLAT-PLATE TRANSITION 
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A hea t  t r a n s f e r  workshop h e l d  a t  Lewis i n  1980 h i g h l i g h t e d  t h e  need f o r  
more t r a n s i t i o n  research.  There fo re  i n  1981 we began a  new research  e f f o r t  t o  
b u i l d  a  boundary- layer t r a n s i t i o n  t u n n e l .  Th i s  f a c i l i t y  o n l y  r e c e n t l y  became 
o p e r a t i o n a l .  The da ta  ob ta ined  so f a r  a r e  mere ly  q u a l i t a t i v e .  The main goa l  
i s  t o  p r e d i c t  hea t  t r a n s f e r  g i ven  any combinat ion o f  f a c t o r s  such as p ressure  
g r a d i e n t ,  t u rbu lence  l e v e l ,  Reynolds number, o r  i n t e r m i t t e n c y  f a c t o r .  
The boundary- layer  t r a n s i t i o n  t unne l  ( f i g .  1) i s  a  c losed- loop t unne l  t h a t  
c o n t r o l s  t h e  t u rbu lence  l e v e l ,  v e l o c i t y ,  and temperature o f  t h e  a i r  w i t h i n  it. 
We may add t h e  a b i l i t y  t o  c o n t r o l  t h e  unsteadiness.  The l i d  o f  t h e  t e s t  sec- 
t i o n  i s  h inged and can be r a i s e d  o r  lowered t o  s e t  t h e  t e s t - s e c t i o n  p ressure  
g r a d i e n t .  The i n i t i a l  t e s t  su r f ace  i s  a d i a b a t i c ,  b u t  we a n t i c i p a t e  use o f  a  
heated o r  coo led  t e s t  su r f ace  f o r  i n v e s t i g a t i n g  t h e  e f f e c t s  o f  roughness o r  
even cu rva tu re .  The c i r c u i t  ( f i g .  2) c o n s i s t s  o f  a  blower,  a  f l o w - c o n d i t i o n i n g  
box, a  t e s t  sec t i on ,  a d i f f u s e r  sec t i on ,  a  damper va lve ,  and an a i r  hea te r .  
The r e t u r n  l e g  c o n s i s t s  o f  an a i r  f i l t e r  box and a  hea t  exchanger. The t u n n e l  
i s  e s s e n t i a l l y  a t  atmospher ic pressure,  s i nce  t h e  b lower  has a  c a p a c i t y  o f  o n l y  
about  3  kPa (12 i n  o f  H20). We can va ry  t h e  a i r  temperature w i t h i n  t h e  t u n -  
n e l  f r om  about  15 t o  65 " C  ( 60  t o  150 OF), b u t  any g i v e n  run  i s  done a t  i s o -  
the rma l  c o n d i t i o n s .  We w i l l  be t e s t i n g  ove r  t h e  v e l o c i t y  range 3.5 t o  35 m/sec 
(10  t o  100 f t / s e c ) .  The p ressure  g r a d i e n t  can be ad jus ted  anywhere f r om 
adverse t o  f avo rab le .  The t e s t  s e c t i o n  has a  c ross  s e c t i o n  15.5 cm h i g h  by 
69 cm wide b y  1.53 m  l ong  (6  i n  by  27 i n  by  5  f t ) .  The s t a t i c  p ressure  
d i s t r i b u t i o n  can be measured across t h e  e n t i r e  t e s t  su r face .  T h i r t y  t aps  a r e  
l o c a t e d  a long  t h e  c e n t e r l i n e  20 cm ( 8  i n )  on e i t h e r  s i d e  o f  cen te r ,  w i t h  a  
s l i g h t  c o n c e n t r a t i o n  a t  t h e  l e a d i n g  edge o f  t h e  p l a t e  ( f i g .  3 ) .  The t e s t  su r -  
face i s  a l s o  ins t rumented  w i t h  f lush-mounted h o t - f i l m  sensors, which a r e  used 
t o  d e t e c t  t h e  t r a n s i t i o n .  The h o t - f i l m  sensors a r e  concen t ra ted  a l ong  t h e  
c e n t e r l i n e ,  w i t h  a  few 15.5 cm ( 6  i n )  o f f  c e n t e r  ( f i g .  4 ) .  Most c e n t e r l i n e  
sensors a r e  spaced 5.1 cm ( 2  i n )  apa r t .  
A ma jo r  problem w i t h  t h i s  f a c i l i t y  has been t h e  f l o w  d i s t r i b u t i o n  a l ong  
t h e  t unne l  c ross  sec t i on .  Because o f  t h e  b lower  e x i t  geometry t h e r e  i s  a  h i g h  
degree o f  n o n u n i f o r m i t y  i n  t h e  f l o w  f i e l d .  F i gu re  5  shows con tou r  l i n e s  a t  t h e  
e x i t  o f  t h e  blower,  be fo re  t h e  f l o w - c o n d i t i o n i n g  box. Each l i n e  i s  a  l i n e  o f  
cons tan t  v e l o c i t y .  The goal  was a  v a r i a t i o n  f r om  t h e  mean v e l o c i t y  o f  no more 
t h a n  +2 percen t .  As shown, t h e  p a t t e r n  i s  ve r y  nonuni form a t  t h i s  l o c a t i o n .  
The f l o w - c o n d i t i o n i n g  box uses p e r f o r a t e d . p l a t e s ,  screens, b a f f l e s ,  and "soda 
s t raws"  t o  s t r a i g h t e n  o u t  t h e  f l o w .  A t  t h e  e x i t  t o  t h e  f l o w - c o n d i t i o n i n g  box 
( f i g .  6) ,  go ing  i n t o  t h e  c o n t r a c t i o n ,  t h e  f l o w  d i s t r i b u t i o n  i s  g r e a t l y  
improved. To ach ieve  va r i ous  l e v e l s  o f  tu rbu lence ,  f o u r  se t s  o f  g r i d s  
( t a b l e  I )  can be i n s e r t e d  i n t o  t h e  f l o w - c o n d i t i o n i n g  box, one a t  a  t ime .  The 
g r i d s  go f r om f i n e  ( 1 )  t o  coarse ( 4 ) .  The percentage o f  open area ranges f r om 
61 t o  65 pe rcen t .  Turbulence i n t e n s i t i e s  range f rom 0.46 pe rcen t  w i t h  no g r i d  
t o  5.46 pe rcen t  w i t h  t h e  coarses t  g r i d .  Th i s  i s  f o r  a  f ree -s t ream v e l o c i t y  o f  
about  16.8 m/sec (55 f t / s e c ) .  
A cont inuous o s c i l l o s c o p e  t r a c e  o f  one sensor l o c a t e d  on t h e  c e n t e r l i n e  
about  45 cm (18  i n )  f rom t h e  l e a d i n g  edge ( f i g .  7 )  shows To l lm ien -Sch l i ch t i ng  
waves. The f ree-s t ream v e l o c i t y  i n  t h i s  case was 17.7 m/sec (58  f t / s e c ) .  The 
f requency o f  these  d is tu rbances  was about  225 Hz, which i s  i n  t h e  range o f  t h e  
T o l l m i e n - S c h l i c h t i n g  d is tu rbance .  Upstream sensors showed p u r e l y  l am ina r  f l o w  
w i t h  l owe r  ampl i tudes i n  t h e  d is tu rbance .  Downstream sensors showed h i g h e r  
amp l i tudes  and occas iona l  t u r b u l e n t  b u r s t s .  F i g u r e  8  shows t r a c e s  o f  sensors 
1, 2, 5, and 6, which a r e  consecu t i ve  a l ong  t h e  c e n t e r l i n e  o f  t h e  t e s t  s e c t i o n .  
A t u r b u l e n t  b u r s t  i s  j u s t  e n t e r i n g  upon sensor 1 .  It moves downstream and i s  
p i cked  up by t h e  o t h e r  sensors.  The b u r s t  en la rges  as i t  moves downstream. 
F i gu re  9  shows an o s c i l l o s c o p e  t r a c e  o f  sensor 1,  which i s  t h e  f i r s t  sensor on 
t h e  c e n t e r l i n e .  The o t h e r  t h r e e  t r a c e s  a r e  f o r  sensors 26, 27, and 28, which 
a r e  t h e  f i r s t  t h r e e  t o  t h e  l e f t  o f  t h e  c e n t e r l i n e .  A t u r b u l e n t  b u r s t  
approaches sensor 26, moves on t o  sensors 27 and 28, and breaks down i n t o  t u r -  
bulence. S ince t h e  t u rbu lence  does n o t  appear on sensor 1,  whatever i s  on 
sensor 1  does n o t  n e c e s s a r i l y  show up on sensor 26. 
The remainder of t h e  i n f o r m a t i o n  con ta ined  h e r e i n  i s  o n l y  q u a l i t a t i v e  and 
g i ves  an i dea  o f  t h e  t y p e  o f  da ta  we w i l l  be a b l e  t o  o b t a i n .  F i gu re  10  shows 
t h e  i n t e r m i t t e n c y  f a c t o r  as a  f u n c t i o n  o f  X, where i n t e r m i t t e n c y  i s  d e f i n e d  as 
t h e  f r a c t i o n  o f  t i m e  t h a t  t h e  f l o w  i s  t u r b u l e n t  a t  any g i v e n  l o c a t i o n .  For  an 
i n t e r m i t t e n c y  f a c t o r  of 1  t h e  f l o w  i s  f u l l y  t u r b u l e n t .  A t  t h e  lowes t  Reynolds 
number and X = 56 cm (21 i n ) ,  t h e  i n t e r m i t t e n c y  f a c t o r  i s  j u s t  beg inn ing  t o  
i nc rease  above t h e  zero ( l a m i n a r )  l e v e l .  As t h e  Reynolds number inc reases ,  
t h i s  i n i t i a l  i n c rease  i n  i n t e r m i t t e n c y  f a c t o r  moves upstream. There fo re  as t h e  
Reynolds number increases,  t h e  onset  o f  t r a n s i t i o n  occurs e a r l i e r .  F i gu re  11 
i s  a  p l o t  o f  t h e  rms f l u c t u a t i n g  o u t p u t  d i v i d e d  by t h e  r e l a t i v e  dc o u t p u t  as a  
f u n c t i o n  o f  X .  The y -ax is  v a r i a b l e  i s  a  q u a l i t a t i v e  r e p r e s e n t a t i o n  o f  t h e  
l e v e l  o f  t h e  f l u c t u a t i o n ;  i t  g i ves  t h e  s t a r t i n g  l o c a t i o n  and shows t h e  l e n g t h  
o f  t h e  t r a n s i t i o n  zone. The vo l t age  peaks w i t h i n  t h e  t r a n s i t i o n  r eg ion .  A t  
t h e  l owes t  Reynolds number, about 300 000, t h e  v o l t a g e  begins t o  i nc rease  a t  
X = 56 cm (21 i n )  b u t  has n o t  y e t  peaked. A t  a  Reynolds number o f  428 000, t h e  
v o l t a g e  has begun t o  p i c k  up, has peaked, and i s  d ropp ing  aga in  a t  X = 56 cm 
(21 i n ) .  A t  t h e  h i g h e s t  Reynolds number, 500 000, a t  X = 10  cm ( 4  i n ) ,  t h e  
f l u c t u a t i n g  v o l t a g e  s t a r t s  a t  a  h i g h e r  l e v e l ,  peaks, and then  drops o f f  and 
remains f a i r l y  cons tan t  a t  a  l e v e l  h i g h e r  t han  t h a t  b e f o r e  t h e  t r a n s i t i o n .  
F i g u r e  12 i s  a  p l o t  o f  i n t e r m i t t e n c y  f a c t o r  as a  f u n c t i o n  o f  X f o r  a  u n i t  
Reynolds number o f  1  500 000/m (490 0 0 0 / f t ) .  The p ressure  g r a d i e n t  K was 
v a r i e d  w i t h i n  t h e  t e s t  s e c t i o n  by changing t h e  p o s i t i o n  o f  t h e  l i d .  For  K  = 0  
t h e  i n t e r m i t t e n c y  i s  about  0.22 ( i . e . ,  t r a n s i t i o n  has a l r e a d y  s t a r t e d ) .  A t  
X = 31 cm (12 i n ) ,  t h e  f l o w  i s  f u l l y  t u r b u l e n t .  For  acce le ra ted  f l o w  ( i . e . ,  
p o s i t i v e  va lues o f  K ) ,  t r a n s i t i o n  i s  de layed downstream (e.g. ,  f o r  
K  = 13  .ax1 o - ~ )  . Fo r  dece le ra ted  f 1  ow (i . e. , n e g a t i v e  va lues o f  K) , t h e  
s t a r t i n g  p o i n t  o f  t h e  t r a n s i t i o n  moves upstream, and t h e  f l o w  becomes f u l l y  
t u r b u l e n t  a t  success i ve l y  e a r l i e r  l o c a t i o n s  on t h e  f l a t  p l a t e .  F i gu re  13 i s  a  
p l o t  o f  t h e  same da ta  w i t h  t h e  rms v o l t a g e  ove r  t h e  dc ou tpu t  as a  f u n c t i o n  o f  
X .  Again, f o r  K  = 0  t h e  f l o w  has a l r e a d y  s t a r t e d  i n t o  t r a n s i t i o n  a t  
X = 15.5 cm ( 6  i n )  s i nce  i t  has peaked and dropped o f f .  As K  becomes pos i -  
t i v e ,  t r a n s i t i o n  i s  delayed. As K becomes nega t i ve ,  t h e  s t a r t  o f  t r a n s i t i o n  
i s  pushed much f a r t h e r  upstream. The i n i t i a l  i n c rease  i n  t h e  f l u c t u a t i n g  
v o l t a g e  occurs  a t  success ive ly  sma l l e r  va lues o f  X as K  becomes i nc reas -  
i n g l y  nega t i ve .  







3rid Ratio of Open area, Turbulence
space to width percent percent
of bar, of total
X/Y area
O (a) lO0 0.46
1 0.69/0.19 62 .98
2 2.06/0.50 65 2.06
3 5.50/I.50 62 4.58
4 7.00/2.00 61 5.46
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Figure l. - Boundary-layerresearch.
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Figure 3. - Static pressure tap locations in boundary-layer transition tunnel.
4---4l----e----H T
---o---o----e._o {







Figure S. - Contour lines at blowerexit.
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Figure 6. - Contour llnes at exlt of flow-conditioning box.
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Figure7. - Traceof sensorlocated45.7on (18in)fromleadingedge.
Figure 8. - Traces of four sensors located along centerline.
Figure9. - Tracesof four sensorson and to leftof centerline.
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Figure 10. - Intermi ttency as function of  distance from leading edge. 
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Figure 11. - rms fluctuating output as function of  distance from leading edge. 
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Figure 12. - Intermi ttency as function of distance from leading edge for Re/x = 490 000. 
Figure 13. - rms fluctuati  
Distance from leading edge, x, i n  
ng output as function o f  distance from leading edge for Re/x = 490 
HEAT TRANSFER AND FLUID WXANICS MSURECIENTS I N  TRANSITIONAL BOUNDARY LAYER FLOWS 
T. Wang 
Clemson University 
Clemson. South Carolina 29631 
T.W. Simon 
University o f  Hi nnesota 
Hi nneapol i s ,  Hi nnesota 55455 
J . Buddhavarapu 
TSI Inc. 
St.  Paul, Minnesota 
ABSTRACT 
Experimental results are presented to document 
hydrodynamic and thermal development of flat-plate 
boundary layers undergoing natural transition. Local 
heat transfer coefficients, skin friction coefficients, 
and profiles of velocity, temperature, and Reynolds 
normal and shear stresses are presented. A case with 
no transition and transitional cases with 0.68% and 
2.0% free-stream disturbance intensities were investi- 
gated. The locations of transition are consistent with 
earlier data. A late-laminar state with significant 
levels of turbulence is documented. In late-transiti- 
onal and early-turbulent flows, turbulent Prandtl num- 
ber and conduction layer thickness values exceed, and 
the Reynolds analogy factor is less than, values pre- 
viously measured in fully turbulent flows. 
NOMENCLATURE 
C 
P Specific heat 
Cf /2 Skin friction coefficient 
Pr Prandtl number 
Pr t Turbulent Prandtl number 
4" Heat flux 
Re x-Reynolds number 
Reg* Displacement thickness Reynolds number 
Momentum thickness Reynolds number 
St Stanton number 
TI Turbulence intensitv 
U7 V Streamwise and cross-stream velocity 
uC, v c  Streamwise and cross-stream velocity fluctu- 
- ations 
u Streamwise mean velocity 
"T Friction - velocity (1m 
u+ 5 u/uT 
x Streamwise distance 
Y Cross-stream distance from the wall 
Y+ - Y UT Inner coordinate, = -
Cond~iction layer thickness in inne- coordi- 
nates 
z Spanwise distance from center-span 
Greek 
Density ! Shear stress 
v Kinematic viscosity 
699 Boundary layer thickness based on 99% of the free-stream velocity 
6* Displacement thickness 
0 Momentum thickness 2 8 dU- 
w 
Acceleration parameter, - - 
v dx 
Subscripts 
w at free stream 
w at wall 
INTRODUCTION 
Transition from laminar to turbulent boundary layer 
flow effects significant increases in local wall shear 
stresses and convective heat transfer rates. These in- 
creases must be appropriately factored into the design 
of many types of equipment, e.g. compressor and gas 
turbine blades. Presently, the poor predictability of 
the location and streamwise coverage of transition on 
gas turbine blades results in either reduced longevity 
of the blade or reduced performance of the engine below 
design objectives. This inability to predict transi- 
tion is partially due to a lack of experimental data, 
both heat transfer and hydrodynamic, which isolate the 
separate effects on transition. This, in turn, has re- 
tarded the endeavor to understand the transition process 
and to develop general prediction models. Some effects 
which are known to influence boundary layer transition 
are free-stream turbulence, acoustic disturbances, sur- 
face vibration, surface roughness, streamwise accelera- 
tion, cross-stream straining, film cooling injection, 
separation, compressibility effects, and streamwise 
curvature. Some characteristics of boundary layer 
transition which tend to exacerbate the difficulty in 
understanding the fundamentals are three-dimensionality; 
unsteadiness; interaction of several influences; and 
sensitivity to small influences which are not under the 
control of the experimenter or known to the designer. 
As much as 50-80% of a typical turbine blade surface is 
covered by flow undergoing transition (1). It is there- 
fore important that a program of systematic, well-con- 
trolled experimental studies be initiated to provide 
the data base necessary for developing improved transi- 
tion prediction models. 
The present experiment focuses on the effect of 
free-stream turbulence intensity and includes measure- 
ments of surface heat transfer rates as well as profiles 
of mean and turbulence quantities in the laminar, tran- 
sitional, and turbulent flows. This test is the begin- 
ning of a series of tests which isolate the effects of 
free-stream turbulence intensity, streamwise accelera- 
tion, and streamwise curvature on transition. It is 
part of an ongoing series of experimental investigations 
on gas turbine heat transfer at the Heat Transfer Labo- 
ratory of the University of Minnesota. 
As early as 1936. G. I. Taylor (2) analyzed free- 
stream turbulence effects on transition for flow past a 
sphere. His work is believed to be the first where the 
effects of free-stream disturbances on transition were 
discussed. Early experiments of boundary layer transi- 
tion on a flat plate were made by Hall and Hislop (3). 
Van Driest and Blumer (4) developed an early prediction 
model by assuming that the breakdown of laminar flow 
occurs whenever the maximum of the local cross-span 
vorticity in the boundary layer becomes sufficiently 
distant from the wall. Their model, which accounts for 
free-stream turbulence and streamwise acceleration 
effects, is still considered one of the better predic- 
tors of transition (5). Several constants in their 
model were determined from existing experimental data. 
Later, as more data became available, these constants 
were adjusted somewhat, e.g. (6). A forced-oscillation 
method for investigating boundary layer transition was 
introduced by Schubauer and Skramstad (7) to demonstrate 
the growth and evolution of disturbances in laminar 
flows. They concluded that when the free-stream turbu- 
lence intensity exceeds 0.1%, transition is caused di- 
rectly by random disturbances and is not precluded by 
selective amplification of sinusoidal oscillations (as 
with lower-disturbance flows). Klebanoff, Tidstrom, 
and Sargent (8) observed that, in low-disturbance flows, 
an initially two-dimensional wave, the growth of which 
is predictable by linear theory of instability, devel- 
ops three-dimensionalities--a feature of strong non- 
linear development. The termination of this develop- 
ment is indicated by a sudden increase in the wave am- 
plitude. Spangler and Wells (9) studied the importance 
of the frequency spectra and the origin of the disturb- 
ance (e. g. acoustic) on transition in low free-stream 
turbulence intensity flows (<0.10%). They determined 
the disturbance intensity, versus disturbance frequency, 
required to initiate transition. A review of the under- 
standing and prediction of transition, current to 1969, 
was presented by Tani (10). 
An empirical model for predicting the onset and 
end of transition was proposed by Hall and Gibbings 
(11). It included the effects of free-stream turbu- 
lence and streamwise pressure gradient. Recently Abu- 
Ghannam and Shaw (12) developed an empirical relation- 
ship for the prediction of the start of transition, the 
end of transition and the development of momentum 
thickness, shape factor, intermittency factor, and skin 
friction coefficient during transition. The sole para- 
meters in their model are the free-stream turbulence 
intensity and the free-stream acceleration. 
In the gas turbine environment, free-stream turbu- 
lence intensities are in the range 5-20%. TO the 
authors' knowledge, few detailed transition studies 
have been conducted in such highly turbulent flows. 
Dyban, Epik, and Suprun (13) investigated the structure 
of laminar boundary layers developing under elevated 
free-stream turbulence intensities from 0.3X to 25.2%. 
They found a peak in oscillation magnitude within the 
boundary layer, believed to be caused by the penetration 
of free-stream fluctuations. This peak amplitude 
reached a maximum in the 4.5% free-stream turbulence 
intensity case. The waveform of this oscillation was 
not sinusoidal but more turbulent-like with energy dis- 
tributed across a wide range of frequencies. They call- 
ed the late-laminar boundary layers which show this be- 
havior "pseudo-laminar" to separate them from the lami- 
nar and transitional boundary layers which are consid- 
ered to be fundamentally different. The authors know 
of few other experiments where the turbulence (oscil- 
lation) development for natural transition through the 
laminar, "pseudo-laminar", transitional, and turbulent 
stages was documented (14, 15). More on transition can 
be found in Refs. (16-19). 
The above studies are for isothermal flows. The 
following are studies of heat transfer in transitional 
flows: Junkhan and Serovy (20) conducted experiments 
on a constant-temperature flat plate to investigate the 
effect of free-stream turbulence intensity on heat 
transfer through transitional boundary layers. They 
found no effects of free-stream turbulence intensity 
within the laminar flow--only the well-documented 
effect on the location of transition. Simon and Moffat 
(21) measured heat transfer rates in a boundary layer 
which was undergoing transition on a convex-curved sur- 
face. They concluded that the onset of transition was 
delayed and that the evolution of transition was retard- 
ed by convex curvature. Recently, Blair (22, 23) con- 
ducted several tests on a uniformly heated flat wall 
where free-stream turbulence intensities were varied 
over the range 0.7% to 6.0%. He concluded that fully 
turbulent mean velocity profiles were established 
faster than fully turbulent mean temperature profiles. 
This indicates a breakdown of the Reynolds analogy and 
a larger effective turbulent Prandtl number in the 
very early turbulent flow than in a mature turbulent 
flow. He also showed that the transition Reynolds num- 
ber is insensitive to streamwise acceleration for 
A < 0.08 over this turbulence intensity range. This e is consistent with the van Driest and Blumer model. 
In the present study, Reynolds streamwise-normal 
stresses were measured in addition to surface heat 
transfer coefficients and mean velocity and temperature 
profiles to show the evolution of the turbulence struc- 
ture inside laminar, transitional, and turbulent bound- 
ary layers during natural transition. Reynolds shear 
stresses were measured in the early-turbulent boundary 
layer. Two free-stream turbulence intensity levels, 
0.68% and 2%, were investigated. The streamwise 
sure gradients in the three tests were small, and 1:;lked 
to be insignificant, with he < 0.02. Values in excess 
of 0.05 are needed to have a perceptible effect on the 
location of transition for these free-stream turbulence 
intensity values (4). 
EXPERIMENTAL FACILITY 
The test program employed the open-circuit, bound- 
ary layer heat transfer facility shown in Fig. 1. Air 
is first drawn through 5 um filter material to a large 
centrifugal blower, then forced through a finned-tube 
heat exchanger and screen pack assembly to enter the 
test region. Free-stream nominal velocities were 
heated 
Screen pock / h e o f  exchanger 
grid ( lor  h~gher turbulence car 
clrculottng system 
d ~ s c h 0 v e ' ~ ~  ,on i -: 1 
makeup 
f i l l e r  
box 
L - - - - - _ r  
FIG. 1 PLAN VIEW OF TEST FACILITY 
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FIG. 2 MEASUREMENT LOCATIONS - HEATED BOUNDARY LAYER 
FLOW DATA TAKEN AT "A" STATIONS AND ISOTHERMAL 
now DATA TAKEN AT "B" STATIONS 
12 m/s and 35 m/s, uniform to + 0.2% across the tunnel 
cross-section, for the present experimeni, and the 
free-stream temperature was nominally 25 C, uniform to 
f 0.05'~ and constant to within + 0.2'~. The room 
temperature.was held constant to within +- 0.5'~. The 
test region is rectangular, 11.4 cm x 68.6 cm (4.5 
inches x 27 inches) in cross-section, and 1.4 m (55 
inches) long. The test section was designed and con- 
structed so that transition data with streamwise wall 
curvature could eventually be taken. For this straight- 
wall study, it was necessary to insert end-walls begin- 
ning with sharp leading edges after 50 cm of the 
streamwise length and continuing throughout the re- 
mainder of the test region. These inserted end-walls 
reduced the effective span from 68.6 cm to 30.5 cm as 
shown in Fig. 2. One side wall of the tunnel, 
68.6 cm x 1.4 m, was heated to nominally 10'~ above the 
oncoming air temperature with a heat flux of 240 w/m2, 
uniform to t 1.0%. 
This is the heated, flat wall upon which data for 
the present study was taken. Strong suction was ap- 
plied at the leading edge of this wall to remove the 
boundary layer which grows inside the nozzle. There- 
fore, the initial flow on the test wall simulated the 
classical sharp-leading-edge configuration. The heated 
test wall is flexible so that transition studies with 
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FIG. 3 STANTON NUMBERS AND SKIN FRICTION COEFFICIENTS 
VS. x-REYNOLDS NUMBER 
varying degrees of streamwise curvature could later be 
taken. The description of this heated wall follows. 
It begins with the surface adjacent to the room (the 
outside) and proceeds to the test surface (the inside). 
A 15.2 cm (6 inch) thick fiberglass insulation pad was 
installed on the outside of a 5 mm (3116 inch) thick 
polycarbonate plastic (Lexan) support wall to minimize 
heat transfer to the room. Attached to the inside of 
the support wall is a 1 mm (0.045 inch) thick heating 
pad constructed of heater foil sandwiched between glass 
cloth and silicon rubber sheets. The foil provides 
Joule heating when energized with 60-cycle AC current 
using variable transformer voltage control. Bonded to 
the heater is a 0.25 mm (10 mil) thick rubber spacer 
within which 120, 3-mil, chromel-constantan thermocouple 
wires were embedded. These thermocouples are distrib- 
uted along the wall center-span, with a 2.54 cm (1 inch) 
spacing, and were uniformly distributed across the span 
at five streamwise locations (see Fig. 2). Covering 
the thermocouples, in contact with their junctions, and 
bonded to the spacer, is a 0.1 mm (4 mil) thick sheet 
of stainless steel. Bonded to the stainless steel and 
providing the test surface is a 0.025 mm (I mil) thick 
sheet of reflective film. This film, type P-19 manu- 
factured by the 3M Company, was added to reduce the un- 
certainty attributable to radiation exchange with the 
test wall. 
The free-stream and boundary layer mean tempera- 
tures were measured with 3-mil thermocouples construct- 
ed of wire from the same manufacturing run as that of 
the embedded thermocouples. The thermocouples were 
calibrated in the tunnel against a calibrated, preci- 
sion thermister known to be stable by continued compar- 
ison against a platinum resistance thermometer in the 
calibration laboratory. Mean velocity profiles were 
measured using 0.7 mm (28 mil) O.D. boundary layer 
total pressure tubes, 0.063 mm (2.5 mil) wall static 
ports, and a t 9 cm H 0 maximum pressure, reluctance- 2 type, diaphragm differential pressure transducer 
(Validyne DP-45). Mean velocity measurements were 
taken in both heated and isothermal flows. Small vari- 
ations in properties were included in the data reduc- 
tion; the mean of the wall and free-stream temperature 
was used for property evaluation. Reynolds normal 
stresses were obtained in the isothermal flow with a 
horizontal hot-wire (TSI Model 1218, T1-5) maintained 
at a constant temperature. Reynolds shear stresses 
were taken in isothermal flows using a boundary layer 
X-wire (TSI Model 1243, T 1.5) with constant-tempera- 
ture operation. The anemometer bridges were TSI Models 
1050 and IFA-100. The pressure transducer and anemo- 
meter signals were digitized with an H-P Model 3437~. 
3-1/2 digit voltmeter. Because only one digitizer was 
available, the shear stress measurements were taken 
one-wire-at-a-time. This is essentially the rotating 
slant-wire technique (24). Thermocouple EMF values 
were recorded with a Fluke Model 2205A multi-channel 
scanner. The total power supplied to the heater was 
computed as the product of a power factor, the measured 
voltage across the heater, and the current through the 
heater computed from the measured voltage across a pre- 
cision resistor. The power factor, measured prior to 
the test, was within 0.1% of 1.0. Data was reduced in 
a HP Series 200 Model 16 laboratory computer. 
Corrections were made within the data reduction 
program for heat transfer through the fiberglass insula- 
tion, radiation exchange with the test wall, and stream- 
wise conduction within the heated wall. A complete un- 
certainty analysis of the wall heat transfer data was 
also made within the data reduction program. This ana- 
lysis employed the Kline and McClintock (25) methodolo- 
gy for computing the propagation of uncertainties and 
the Moffat (26) methodology for incorporating known 
contributors to bias error. Nominal values of wall 
heat flux uncertainty are presented along with other 
relevant uncertainties in Table 1. Details of the 
heater design, data reduction techniques, and wall heat 
flux uncertainty analysis can be found in Refs (27, 28). 
EXPERIMENTAL RESULTS AND DISCUSSION 
The results of the following three cases are pre- 
sented herein: 
A. The Laminar Baseline Case (Turbulence Inten- 
sity, TI = 0.3%) - The laminar boundary layer extends 
over the entire test length. Transition correlations 
and the unsteadiness of the data indicate that transi- 
tion is about to begin at the channel exit. 
B. The Lower Free-Stream Turbulence Intensity 
Case (TI = 0.68%) - The velocity is increased from that 
of Case A and the onset of transition is moved to about 
one-third of the test length. 
C, The Higher Free-Stream Turbulence Intensity 
Case (TI = 2.0%) - A coarse grid is inserted upstream 
of the nozzle and the free-stream velocity is reduced 
to move the onset of transition into the first one- 
third of the test length. 
FIG. 4 LONG-PERIOD UNSTEADINESS OF STANTON NUMBER 
DATA FOR CASE A 
TABLE 1 MEASUREMENT UNCERTAINTIES 
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turbulent region 




Ju '2 /um 
- 2 
u1v'/UT 
(other than in lC f  transition) 
A. The Laminar Baseline Case - Case A 
The test facility was first qualified by conduct- 
ing an all-laminar boundary layer test. A comparison 
of the results to laminar boundary layer theory (29), 
Fig. 3, shows that the Stanton numbers and skin fric- 
tion coefficient values for this case follow the laminar 
correlation well, except at the very end of the test 
where it appears that transition is near. Stanton num- 
bers for this and the subsequent cases were calculated 
directly from the measured (and corrected) wall heat 
flux and the measured local free-stream velocity, free- 
stream temperature, and wall temperature. The wall 
temperature was taken as an average of five readings 
over a period of fifteen minutes. Skin friction coef- 
ficients were computed from the wall shear stress; 
which, in turn, is calculated from the local near-wall 
velocity gradient, T = p(du/dy) ; and the local free- 
stream velocity. on! unanticipared result in this 
experiment was the long-period unsteadiness shown in 
Fig. 4. Three sets of data were taken in one fifteen- 
hour run. The first was taken after a ten-hour stabi- 
lization period as was also required for case B and 
case C. As shown, the data fluctuated f 10% about the 
laminar line. The mean data of the 5-hour data-taking 
period follow the laminar correlation well. The curve 
labeled "15-hour'' is the data shown on Fig. 3. The 
theoretical stability limit for laminar boundary layer 
flow for a flat plate is Reg = 200 (30) which,for this 
case, corresponds to 10 cm of development length and 
an x-Reynolds number of 0.97 x lo5. Note that the 
Stanton number data remains repeatable for the first 
30 cm (Ree = 400) within the 5-hour data-taking period. 
h e  unsteadiness of this flow is presumed to be due to 
the sensitivity of this boundary layer to small dis- 
turbances to the flow in the face of a low free-stream 
turbulence intensity of 0.3%. Possibilities would in- 
clude the small variations in free-stream and wall 
temperatures (within the stated uncertainties) or small 
uncontrolled variations in tunnel vibration. Subse- 
ouent runs taken under these conditions over a period of 
one month showed that this long-period unsteadiness is 
repeatable. Long-period unsteadiness was not observ- 
able in cases B and C of this study, which have turbu- 
lence intensities of 0.68% and 2.0% respectively. 
Spanwise variations of Stanton number for five 
streamwise positions are shown on Fig. 5. At the first 
two positions, the heat transfer coefficient is very 
spanwise-uniform; the stable laminar boundary layer is 
two-dimensional. Transition appears to begin as 
streaks off center-span. It symmetrically migrates to- 
ward the center-span. Transition is believed to be 
triggered in the three-dimensional corner flow region 
near the end-wall. It then is believed to propagate by 
acoustic disturbance toward the center as discussed in 
Ref. (31). No spanwise data is shown for the region 
beyond the inserted end-walls (see Fig. 2). 
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FIG. 6 MEAN VELOCI!~~' PROFILES FOR CASE A 
At the end of the test section, the momentum 
thickness Reynolds number is approximately 800. Ac- 
cording to the transition model of van Driest and 
Blumer ( 4 ) ,  transition should begin about Reg = 890 
for a case having a free-stream turbulence intensity 
of 0.3%; the flow is very near transition. 
Mean velocity and mean temperature pro iles plgt- f ted in inner coordinates, U+V.S.  and T v.s. Y , 
are shown on Figs. 6 and 7, respectively. They appear 
to be typical laminar boundary layer profiles. Blasius 
velocity profiles are shown for comparison on Fig. 6. 
Mean velocity and temperature data were taken for this 
run and subsequent runs as time-averages over 30-40 
second periods. 
A thermal energy balance applied over the entire 
test length using the time-average Stanton numbers on 
the centerline assuming two-dimensional flow achieved 
closure to within 3%. This closure, the nearness of 
the Stanton number data to the laminar correlation, 
and the lack of premature transition in this case 
suggest that the facility is free of significant, un- 
controlled disturbances and that the measurements are 
free of significant bias error. A momentum balance 
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FIG. 7 MEAN TEMPERATURE PROFILES FOR CASE A 
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FIG. 8 EFFECT OF FREE-STREAM TURBULENCE ON TRANSITION 
REYNOLDS NUMBER FOR ZERO PRESSURE GRADIENT FLOW 
(FROM REF. 22) 
This poor closure is believed to be due to the sparcity 
and inaccuracy of the skin friction coefficients deduced 
from velocity profiles, the inability to measure time- 
average skin friction coefficients (as was done with the 
Stanton number data for the energy balance), and the in- 
ability to measure momentum thicknesses with low uncer- 
tainty. Note that because of the sparce skin friction 
data, a momentum balance from only the first profile 
station to the last could be taken. This required tak- 
ing precise measurements of the momentum thickness in 
the very thin laminar boundary layer at the first sta- 
tion. Such a problem did not exist with the thermal 
energy balance which was taken from the leading edge to 
the last station. 
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FIG. 10 MEAN VELOCITY PROFILES FOR CASE B 
B. The Lower Free-Stream Turbulence Intensity Case - 
Case B 
In the second case, the free-stream velocity was 
increased to nominally 35 m/s which moved the location 
of the beginning of transition to about one-third of 
the test length. The resulting free-stream turbulence 
intensity became 0.68%. Stanton number and skin fric- 
tion coefficient data for this case are shown on Fig. 3. 
Transition, taken to be the beginning of the dramatic 
increase in heat transfer coefficient and shear stress, 
is shown to be at an x-Reynolds number of about 
1.2 x lo6. At this location the displacement thickness 
Reynolds number is 1890. Transition at this location is 
consistent with the van Driest and Blumer ( 4) modelor 
the McDonald and Fish (32) model (shown on Fig. 8). The 
skin friction coefficient and Stanton number data follow 
the laminar correlation well. No significant change in 
the laminar data due to the increase in free-stream 
turbulence from that of case A is observable. Stanton 
number values have been previously shown to exceed 
Cf/2 values in a mature turbulent boundary layer 
(33, 34). Spalding (33) showed that the value of the 
"Reynolds Analogy Factor", 2 St/C , for air is 1.2. 
The Reynolds analogy factor for tAe early-turbulent re- 
gion of case B is about 0.75, however. This indicates 
a slower response of the heat transfer data in transi- 
tion than that of the hydrodynamic data, as was observed 
by Blair (22). It will subsequently be shown that the 
turbulent Prandtl number in the low-Reynolds-number tur- 
bulent flow for case B is considerably 1-arger than 
0.9, the value measured for mature turbulent boundary 
layers. Skin friction values for the laminar flow were 
calculated as discussed previously in case A. TWO Cf/2 
values, Re = 1.4 x lo6 and 1.6 x lo6 (Fig. 3) , were 
calculatedXassuming a laminar boundary layer though the 
profiles clearly indicate a beginning of transition (as 
will be discussed). The values shown, therefore, repre- 
sent lower-bound values. Cf/2 values for turbulent 
flows were deduced from the law-of-the wall using the 
Clauser technique (35). No direct measurements of wall 
shear stress were made. 
Spanwise distributions of local Stanton number are 
shown on Fig. 9. At the first station, the boundary 
layer momentum thickness Reynolds number, 300, exceeded 
the stability limit of Reg = 200, and is clearly showing 
signs of transition. These are observable as streaks of 
high local heat transfer coefficient off the center-span. 
Downstream, these regions of early transition grow to 
effect transition on the centerline. A notable differ- 
ence from the profiles shown for case A is the lack of 
synrmetry. Transition at the center-span location is 
underway by the second profile and is complete by the 
fourth (Figs. 3 and 9). At the last station, effective 
turbulent cross-stream transport has restored two-dimen- 
sionality. 
The local heat transfer data for this run were re- 
peatable to within 1% over a six-hour test period, be- 
ginning after the standard ten-hour equilibrium period. 
In a similar case they were repeatable to within 3% over 
a period of one month. 
Mean velocity profiles are shown in Fig. 10. The 
two upstream profiles (Stations 1 & 2B) follow the 
lJ+ = Y+ correlation to Y+ = 20, indicating laminar-like 
behavior even though there are signs of the beginning of 
transition at these locations as discussed above. The 
two downstream profiles (Stations 4B & 5B) follow the 
law-of-the wall relationship over a sufficient range of 
that using the Clauser technique was deemed appro- 
priate. The third profile (Station 3B), though reduced 
with a skin friction coefficient calculated from the 
near-wall velocity gradient, as done with the laminar 
profiles, is clearly not laminar-like. This profile 
also does not display the turbulent log-linear behavior 
with an appropriate choice of C 12--it is clearly tran- f 
sitional. One method for finding the transition region 
Cf/2 is to force closure of the two-dimensional momentum 
integral equation through the transition region (22). 
This method was tried and found to give values which 
appear unreasonably high for this case. This is believed 
to be attributable to the influence of the lack of two- 
dimensionality in the transition region for this low 
free-stream turbulence case. 
Mean temperature profiles are shown on Fig. 11. 
The first profile (Station 2A), taken in the laminar- 
like flow, follows the near-wall correlation, 
* pry+, well. The two downstream profiles (Stations 
4A and 5A), taken in the turbulent flow, display ther- 
mal-log-law behavior. In fitting the log regions, the 
turbulent Prandtl number, Prt, and the conduction layer 
thickness, C I ,  were considered free parameters. Best- 
fits were found with = 20 and Prt = 1.20 and 1.15 
for Re = 2.1 x 106 an2 2.9 x lo6, respectively. These 
valuesYof Prt are consistent with the trend in 2 st/cf 
FIG. 11 MEAN TEMPERATURE PROFILES FOR CASE B 
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FIG. 12 REYNOLDS S T W I S E - N O W  STRESS PROFILES 
FOR CASE B 
observed in Fig. 3 and the conclusion, also made by 
Blair (22). that Reynolds analogy is violated in the 
low-Reynolds number turbulent boundary layer. Figure 11 
also shows that the conduction layer thickness is larger 
in the low-Reynolds-number turbulent flow than that ob- 
served in higher Reynolds number flows (29) /z- Profiles of Reynolds normal stresses, u IU- , 
are shown in Fig. 12. The two upstream profiles 
(Stations 18 6 28) have some turbulence-like character- 
istics although the mean velocity and temperature pra- 
files and the Stanton numbers at this streamwise posi- 
tion appear laminar-like. The anemometer output signals 
were viewed on a storage oscilloscope. At the peak 
value, 1.e. y16* - 1.3 for the first station, the wave- 
form was turbulent-like indicating a distribution of 
energy aver a large range of frequencies. No intermit- 
tent non-turbulent behavior was observable. At the 
innermost Y-position of station 1 data (Re - 2.63 x 105, 
~!6* - 0.3). some intermitteney was observgd where a 
quiet signal was present about 5 %  of the time. These 
findings are consistent with the results of Dyban (13) 
et. el. They termed such a boundary layer "pseudo- 
laminar". It is believed that this turbulence is pro- 
duced by non-linear amplification of the free-stream 
disturbances. This Process gives rise ro strearmrise 
vortices which concentrate in a thin layer termed chat 
"shear layer" by Klebanaff et. al. (8). This "shear 
layer" is characterized by high-frequency disturbances 
and turbulence intensities similar to the peaks of 
streamvise turbulence intensity shown in Fig. 12. The 
near-wall decay of turbulence intensity is presumed to 
be due to stabilizing viscous forces. The effect of 
these turbulent-like fluctuations on the transition 
process is presently unknown. Schubauer and Skramsrad 
(7) observed weak oscillations preceding transition in 
a flow where disturbances were very small. Klebanoff, 
Tidstram, and Sargent (8) observed that, in a laminar 
boundary layer disturbed by a vibrating ribbon, an 
initially two-dimensional wave develops into a three- 
dimensional pattern which is terminated by a sudden in- 
crease of wave amplitude. Profiles of rms values of 
these waves are similar (including a peak at y/6* = 1.3) 
to those profiles of Fig. 12, which precede transition. 
Transition is observable in the normal stress pro- 
files as a very large increase in peak turbulence inten- 
sity concentrated near the wall where it is believed 
that turbulenthrsts are agitating the flow (Station 3B 
profile of Fig. 12). The residue of the laminar profile 
peaks remain in the downstream profiles but soon becomes 
overshadowed by the intense near-wall peak (Stations 
4B 6 58). The outer half of the transitional boundary 
layer profile (Station 3B) has e low turbulence inten- 
sity compared to fully-turbulent profiles (i. e . ,  
Stations 48 6 5B). Though the two downstream stations 
(48 and 5B) are in a low-Reynolds-number turbulent 
flow, they appear to have reached an equilibrium shape. 
This is evidence that the turbulence characteristics 
are established almost immediately after transition. 
The last two profiles appear similar to one measured in 
a mature turbulent boundary layer by Klebanoff (36). 
Note that the Station 3B profile is different than 
either the laminar or turbulent profile and therefore 
cannot be reproduced from the two by way of an inter- 
mittency factor, as is often done in transitional flow 
modeling. 
Reynolds shear stress profiles for the two down- 
stream stations are shown on Fig. 13 ( 3 7 ) .  The probe was 
too large to take similar profiles in the laminar and 
transitional boundary layers. This data and the 
Klebanoff (36) data, also shown, support the earlier 
conclusion that the turbulence characteristics rapidly 
assume those of a fully-turbulent flaw. The reduced 
station Re. Re# 
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FIG. 13 REYNOLDS SHEAR STRESS PROFILES FOR CASE B 
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shear-stress values near the wall in the R e x -  
2.35 x lo6 profile are probably due to averaging by 
the probe over the length of the wire. This was not 
observable in the last station profile where the bound- 
ary layer was considerably thicker. 
C. The nixheher Free-Stream Turbulence Intansitv Caee 
Caee C 
To set up the third case, a square grid construct- 
ed of 5 cm wide metal strips on s 10 cm pitch, was in- 
serted between the screen pack and the nozzle. The 
free-stream velocity was then reduced to approxinately 
13 mls to place the onset of transition onto the first 
one-third of the test length. This gave free-stream 
turbulence intensities which decay from 2.1% to 1.9% 
over the test length; 2.0% was recorded in the transi- 
tion region. Larger values of free-stream turbulence 
intensity, though more representative of the gas turbine 
environment, decay rapidly and are difficult to charac- 
terize and reproduce. This case is considered repre- 
sentative of cases with higher free-stream disturbance 
(TI < 5%)+. 
  he Stanton number and skin friction coefficient 
data, Fig. 3, show that the onset of transition has been 
moved to approximately Rex = 2.1 x lo5 (Re6* = 788). 
This is consistent with earlier data shown an Fig. 8 for 
2% free-stream turbulence intensity. There also is some 
indication of a higher heat transfer coefficient in the 
late laminar flow due to the higher free-stream turbu- 
lence intensity although the data for Re lo5 seems 
to be insensitive to turbulence intensit?. he two skin T friction coefficient values at Re 2 3 x 10 were found 
by forcing closure of the integraf momentum equation 
over the transition region as previously done by Blair 
(22). In contrast to case B this technique was found to 
give values that appear reasonable on Fig. 3. It is be- 
lieved that this model was successful in case C and not 
in case B because case C was shown to be more two-dimen- 
sional. The data indicate that the x-Reynolds number at 
the end of transition is about twice that of the onset 
of transition for both cases B and C. This is consist- 
ent with the transition length model presented by 
Abu-Ghannam and Shaw (12). The turbulent data 
(Re > 4 x lo5) indicate a lower value of 2 StlCf than 
1.27 the accepted value for fully-mature turbulent flow 
(33, 34). but a higher value than observed in ease B. 
Also ,  it will be shown that turbulent Prandtl numbers 
are reduced somewhat from those of case B. A thermal 
energy balance yielded closure to within 5% over the 
full test length for this case and a momentum balance5 
closed to within 4% from the first profile (Re - 10 ) 
to the last (Re = 1.3 x 106). 1c should be ngted, 
however, that tfie two C 12 values within the transition 
region (Re - 3.5 x 105f were chosen to force momentum 
balance cl8e;re over the transition region, 
2.1 x 105 < R e x <  5 x 105. 
3m-. I.. 
FIG. 16 MEAN TEMPERATURE PROFILES FOR CASE G 
t The upper limit of 5% was imposed based upon the find- 
ings of Dyban et. al. (13) that the characteristics 
of "pseudo-laminar" flows for TI > 5% are different 
than those for TI < 5% . 
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FIG. 17 REYNOLDS STEWWISE-NOFWL STRESS PROFILES 
FOR CASE C 
FIG. 18 REYNOLDS SHEAR STRXSS PROFILES FOR CASE C 
Spanwise distributions of Stanton number are s h o w  
in Fig. 14. The first distribution is in late-laminar 
flow. Transitional streaks are beginning to form off 
center-span as was observed in case B. The second dis- 
tribution is in late-transitional flow. It appears that 
transition near the center-span is spanwise-uniform and 
that the flow remains two~dimensional throughout, for 
this high turbulence case. 
Mean velocity profiles, Fig. 15, show behavior 
similar to that of case B. The upstream station 
(Station 1) is laminar-like, the next (Station 28) is in 
transition end the three damstream starions (3A. 4A and 
5A) are clearly turbulent -- each with a longer log- 
linear region and e decreased wake strength than the 
last. A comparison of the Station 1 profile with the 
Blasius profile (Fig. 15) shows a leek of agreement at 
the edge of the boundary layer. This may be due to the 
nearness of the flow to transiton (Fig. 3) or due to 
the higher free-stream turbulence level of Case C. 
Mean temperature profiles of case C, Pig. 16, show 
behavior similar to that Of the case C velocity pro- 
files. ~ o t e  that the upsrream profile (Station 2A) is 
in transition. The turbulent Profiles (Stations 3A, 
4A and 5A) show lag-linear behavior. As in case 2, the 
log regions were fit by assuming the turbulent Prandtl 
number, Pr , and the conduction layer thickness, Y+ 
t c*' to be free parameters Best fits were achieved 
with Y:~ - 14.5, 16 and 16, and Prt = 1.36, 1.24 and 
1.19 for Stations 3A, 4A and 5A, respectively. Note 
that the conduction layers for the last two profiles 
are thinner than those of case B, but thicker than 
those of a mature turbulent boundary layer (Y+ = 13.2 
(29)). Note also that the turbulent Prandtl figmber are 
higher than 0.9, the fully turbulent value, and less 
than those observed just after transition in ease B. 
Reynolds normal stress profiles, plotted in Fig. 17, 
continue to show a peak at yI6* - 1.3 in the laminar 
flow (Station 1) as was observed in case B. The peaks 
and values throughout the profile are larger than the 
ease B counterparts, however. The residue of the peak 
in the laminar profiles remains in the downstream pro- 
files but soon becomes overshadowed by the near-wall 
peak. The three downstream profiles (30, 48 and SB) 
are nearly the same, supporting the earlier conclusion 
that the turbulence quantities are rapidly established. 
Due to the higher free-stream turbulence, the values 
throughout the profile are higher than the case B values 
end those of Klebanoff (36). however. 
Reynolds shear stress profiles are shorn on Fig. 18. 
Though the scatter is large, the figure shows that the 
downstream profiles (Stations 4B and 5B) are essentially 
the same. Fig. 18 also shows that the near-wall shear 
stress is approximately the same, in these coordinates, 
as that in the Klebanoff profile (36). The shear stress 
near the edge of the boundary layer is considerably 
larger than Klebanoff's values, however -- the free- 
stream turbulence for the Klebanoff data was very low 
(TI < 0.1%). Figure 19 compares the shear stress pra- 
files from the last station for cases B and C. Al- 
though the near-wall values are essentially the same 
in these coordinates, the case C values near the edge 
of the boundary layer are considerably higher. 
CONCLUSIONS AND RECOHMENDATIONS 
1. An unstable laminar flow is described as a separate 
flow from that of laminar or transitional flow. In 
this flow, turbulence intensities significantly 
higher than the free-stream turbulence intensity 
are observable in the boundary layer. Heat trans- 
fer rates appear to be somewhat sensitive to free- 
FIG. 19 COMPARISON OF REYNOLDS SHEAR STRESS PROFILES 
AT STATION 58 (FIG. 2) FOR CASES B AND C 
stream turbulence in thfs flow -- a contrast ta the 
lack of sensitivity to free-stream turbulence inten- 
sity in the early laminar flow. >:ore investigation 
into the role of this boundary layer turbulence in- 
tensity on the process of transition is needed. 
2. Increased free-stream turbulence intensity decreas- 
es the transition onset Reynolds number and the 
length of transition. The locations of the onset 
and end of transition in the present cases were 
consistent with results of earlier experiments. 
Onset of transition is taken to be the location 
where Stanton number data begin to rise sharply 
~ i t h  increasing streamwise distance; the end of 
transition is the peak of the Stanton number curve. 
3. Turbulent Prandtl number values in the early turbu- 
lent flow, just downstream of transition, are signi- 
ficantly higher than the 0.9 value known to apply to 
fully-mature turbulent flows. These values decrease, 
somewhat, with higher free-stream disturbance levels. 
Temperature profiles in the early turbulent flov 
indicate a thicker conduction layer than observed 
in fully-turbulent flows. This thickness= decreases 
with increased free-stream disturbance levels. 
4. Values of the Reynolds analogy factor, 2 StICf, 
in the early turbulent flow are significantly smal- 
ler than 1.2, the fully-turbulent value. 
5. Profiles of turbulent streamvise-normal and shear 
stresses develop rapidly to fully-turbulent shapes 
immediately after transition. 
6 .  Transition is characterized by a verylarge spike 
in streamwise turbulence intensity near the wall. 
This spike is considerably larger than the maximum 
value observed in turbulent normal stress profiles. 
7. The effect of higher free-stream turbulence inten- 
sity is seen to penetrate to very near the vall in 
profiles of streamvise-normal stresses. The effect 
of higher free-stream disturbance on the shear 
stress profiles in the fully turbulent flow is seen 
predominately in the outer portion of the boundary 
layer. 
8. Long-period unsteadiness was observed in a low free- 
stream-disturbance (TI - 0.3%) laminar flov down- 
stream of the theoretical instability limit. Simi- 
1.r unsteadiness was not observed jvst before transi- 
tion in higher-disturbance flovn (TI = 0.68% and 
2%). 
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A REVIEW AND ANALYSIS OF BOUNDARY LAYER TRANSITION DATA FOR 
TURBINE  APPLICATION^ 
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A number o f  da ta  se t s  f rom t h e  open l i t e r a t u r e  t h a t  i n c l u d e  hea t  t r a n s f e r  
da ta  i n  a p p a r e n t l y  t r a n s i t i o n a l  boundary l aye rs ,  w i t h  p a r t i c u l a r  a p p l i c a t i o n  
t o  t h e  t u r b i n e  environment, were reviewed and analyzed t o  e x t r a c t  t r a n s i t i o n  
i n f o r m a t i o n .  The da ta  were analyzed by u s i n g  a  v e r s i o n  o f  t h e  STAN5 two- 
d imensional  boundary l a y e r  code. The t r a n s i t i o n  s t a r t i n g  and ending p o i n t s  
were determined by a d j u s t i n g  parameters i n  STAN5 u n t i l  t h e  c a l c u l a t i o n s  matched 
t h e  da ta .  The r e s u l t s  a r e  presented as a  t a b l e  o f  t h e  deduced t r a n s i t i o n  
l o c a t i o n  and l e n g t h  as f u n c t i o n s  o f  t h e  t e s t  parameters.  The da ta  s e t s  
rev iewed cover  a  wide range o f  f l o w  c o n d i t i o n s ,  f r om  low-speed, f l a t - p l a t e  
t e s t s  t o  f u l l - s c a l e  t u r b i n e  a i r f o i l s  o p e r a t i n g  a t  s imu la ted  t u r b i n e  engine 
c o n d i t i o n s .  The r e s u l t s  i n d i c a t e  t h a t  f ree -s t ream tu rbu lence  and p ressure  
g r a d i e n t  have s t rong ,  and oppos i te ,  e f f e c t s  on t h e  l o c a t i o n  o f  t h e  s t a r t  o f  
t r a n s i t i o n  and on t h e  l e n g t h  o f  t h e  t r a n s i t i o n  zone. 
INTRODUCTION 
Design ing e f f i c i e n t  c o o l i n g  c o n f i g u r a t i o n s  f o r  t h e  a i r f o i l s  i n  a  gas t u r -  
b i n e  engine r e q u i r e s  a  d e t a i l e d  knowledge o f  t h e  v a r i a t i o n s  o f  t h e  hea t  t r a n s -  
f e r  c o e f f i c i e n t  on t h e  hot-gas s i de .  However, i n  many cases, t h e r e  i s  a  r e g i o n  
on t h e  b l ade  su r f ace  where t h e  hea t  t r a n s f e r  c o e f f i c i e n t  exper iences a  d ramat i c  
r i s e  i n  magnitude. Th is  i s  t h e  r e g i o n  where t h e  boundary l a y e r  t r a n s i t i o n  f rom 
l am ina r  t o  t u r b u l e n t  f l o w  occurs .  The l o c a t i o n  o f  t h e  s t a r t  o f  t h i s  t r a n s i t i o n  
and t h e  l e n g t h  o f  t h e  t r a n s i t i o n  zone depend s t r o n g l y  on a  number o f  f l o w  
parameters,  such as t h e  Reynolds number, t h e  f ree -s t ream tu rbu lence  l e v e l ,  and 
t h e  p ressure  g r a d i e n t .  
Computing t h e  hea t  t r a n s f e r  c o e f f i c i e n t  i n  t h e  t r a n s i t i o n  r e g i o n  r e q u i r e s  
t h a t  a  mathematical  model be used t o  smoothly t u r n  on t h e  t u r b u l e n t  c a l c u l a -  
t i o n s .  A t  p resen t  no model i s  a v a i l a b l e  t h a t  adequate ly  accounts f o r  t h e  
e f f e c t s  o f  these  parameters i n  t h e  t u r b i n e  environment.  One o f  t h e  reasons 
f o r  t h i s  i s  a  l a c k  o f  good exper imenta l  da ta  on boundary l a y e r  t r a n s i t i o n  under 
t h e  severe c o n d i t i o n s  encountered i n  a  gas t u r b i n e  engine. However, a  number 
o f  hea t  t r a n s f e r  da ta  se ts  do e x i s t  t h a t  i n c l u d e  t r a n s i t i o n a l  boundary l a y e r s .  
I n  t h i s  s tudy  these  da ta  se t s  were analyzed by  u s i n g  t h e  STAN5 two-dimensional  
boundary l a y e r  computer code i n  o r d e r  t o  e x t r a c t  t r a n s i t i o n  i n f o r m a t i o n .  The 
code was r u n  a g a i n s t  t h e  da ta  w i t h  d i f f e r e n t  t r a n s i t i o n  parameters assumed 
u n t i l  a  match between da ta  and c a l c u 1 a t i o . n ~  was found. The t r a n s i t i o n  da ta  
were t hen  t a b u l a t e d  i n  a  f o rm  u s e f u l  t o  t h e  researcher  a t t emp t i ng  t o  model t h e  
t r a n s i t i o n  process i n  t h e  t u r b i n e  environment.  
f ~ l s o  pub l i shed  as NASA Techn ica l  Memorandum 86880. 
"Member, ASME. 
METHOD OF ANALYSIS 
An i t e r a t i v e  method was used t o  d e r i v e  t r a n s i t i o n  d a t a  f rom t h e  s e l e c t e d  
hea t  t r a n s f e r  d a t a  s e t s .  The genera l  procedure was t o  assume a  t r a n s i t i o n  
s t a r t i n g  p o i n t  and a  t r a n s i t i o n  l e n g t h ,  t o  do a  numer ica l  boundary l a y e r  
a n a l y s i s  t o  compute hea t  t r a n s f e r  parameters, and f i n a l l y  t o  compare t h e  com- 
pu ted  r e s u l t s  w i t h  t h e  data .  I f  t h e  agreement was poor ,  new t r a n s i t i o n  p o i n t s  
were assumed, and t h e  process was repeated u n t i l  reasonable  agreement was found 
between computed and measured r e s u l t s .  The f i n a l  va lues o f  t r a n s i t i o n  s t a r t i n g  
p o i n t  and t r a n s i t i o n  zone l e n g t h  a r e  r e p o r t e d  h e r e i n ,  i n  terms o f  l o c a t i o n  as 
w e l l  as o f  momentum t h i c k n e s s  Reynolds number. 
The boundary l a y e r  a n a l y s i s  used was t h e  w i d e l y  accepted STAN5 two- 
d imens iona l  boundary l a y e r  code, developed a t  S t a n f o r d  U n i v e r s i t y  by Crawford 
and Kays ( r e f .  1 )  and based on t h e  scheme o f  Patankar and Spa ld ing  ( r e f .  2 ) .  
The v e r s i o n  o f  STAN5 used has been m o d i f i e d  a t  t h e  NASA Lewis Research Center 
as d e s c r i b e d  i n  r e f e r e n c e  3. I n  t h i s  v e r s i o n  t h e  user  has t h e  o p t i o n  o f  
s u p p l y i n g  t h e  program w i t h  a  s p e c i f i c  l o c a t i o n  where t r a n s i t i o n  i s  t o  s t a r t  and 
w i t h  a  s p e c i f i c  l e n g t h  o f  t h e  t r a n s i t i o n  r e g i o n .  W i t h i n  t h e  t r a n s i t i o n  zone 
t h e  t u r b u l e n t  eddy v i s c o s i t y  i s  g r a d u a l l y  t u r n e d  on by u s i n g  an i n t e r m i t t e n c y  
f a c t o r  v a r i a t i o n  taken  f rom t h e  work o f  Abu-Ghannam and Shaw ( r e f .  4 ) .  The 
i n t e r m i t t e n c y  f a c t o r  v a r i e s  smoothly f r o m  zero a t  t h e  t r a n s i t i o n  s t a r t i n g  p o i n t  
t o  1  a t  t h e  end o f  t h e  s p e c i f i e d  t r a n s i t i o n  l e n g t h .  No a t t e m p t  was made t o  
account  f o r  l o c a l  e f f e c t s  such as p ressure  g r a d i e n t  o r  f ree -s t ream t u r b u l e n c e  
i n  comput ing i n t e r m i t t e n c y .  The P r a n d t l  m i x i n g  l e n g t h  mode1 was used t o  com- 
p u t e  t h e  t u r b u l e n t  eddy d i f f u s i v i t y .  
SELECTION OF DATA SETS 
A  number o f  hea t  t r a n s f e r  d a t a  se ts  were reviewed f o r  t h e i r  a p p l i c a b i l i t y  
t o  t h i s  r e p o r t .  From these, s i x  d a t a  s e t s  were s e l e c t e d  f o r  a n a l y s i s .  The 
p r ime  c r i t e r i o n  used I n  t h e  s e l e c t i o n  process was t h a t  t h e  d a t a  show ev idence 
o f  boundary l a y e r  t r a n s i t i o n .  When t h i s  was met, t h e  completeness o f  t h e  
documentat ion o f  t h e  exper imen ta l  c o n d i t i o n s  became t h e  p r ime  c r i t e r i o n .  As a  
minimum, t o  do t h e  boundary l a y e r  a n a l y s i s ,  t h e  aerodynamic and the rma l  bound- 
a r y  c o n d i t i o n s  must be known, i n c l u d i n g  t h e  s p e c i f i c a t i o n  o f  f r e e - s t r e a m  
t u r b u l e n c e  parameters.  
Each o f  t h e  s e l e c t e d  d a t a  se ts  i s  desc r ibed  here  and summarized i n  
t a b l e  I. 
( 1 )  The f i r s t  d a t a  s e t  was e x t r a c t e d  f rom a  r e p o r t  by B l a i r  and Werle 
( r e f .  5 ) .  T h e i r  t e s t s  concerned incompress ib le  f l o w  over a  heated, smooth f l a t  
p l a t e  f o r  d i f f e r e n t  l e v e l s  o f  f ree -s t ream tu rbu lence .  They were p r i m a r i l y  
l o o k i n g  f o r  t h e  e f f e c t s  o f  f ree -s t ream t u r b u l e n c e  l e v e l  on hea t  t r a n s f e r  t o  t h e  
f u l l y  t u r b u l e n t  boundary l a y e r ,  b u t  they  d i d  a l l o w  t h e  boundary l a y e r  t o  
undergo a n a t u r a l  t r a n s i t i o n  f r o m  l a m i n a r  t o  t u r b u l e n t .  Two o f  t h e i r  t e s t  runs 
were s e l e c t e d  f o r  t h i s  a n a l y s i s ,  and t h e  c o n d i t i o n s  a r e  summarized i n  t a b l e  I 
as cases 1 (a )  and (b) .  The o n l y  d i f f e r e n c e  between t h e  two i s  t h e  f r e e - s t r e a m  
t u r b u l e n c e  l e v e l .  The I n l e t  Reynolds number i s  based on t h e  t e s t  s e c t i o n  
l e n g t h ,  2 . 4 4  m  (8.0 f t ) .  
( 2 )  The second d a t a  s e t  used was taken  f rom another  r e p o r t  by B l a i r  and 
Werle ( r e f .  6 )  and one by B l a i r  ( r e f .  7 ) .  The t e s t s  were s i m i l a r  t o  t h e  f i r s t  
s e t  b u t  w i t h  t h e  a d d i t i o n  o f  a  c o n s t a n t  f l o w  a c c e l e r a t i o n .  Three o f  these  
t e s t  runs, encompassing two p ressure  g rad ien t s  and two t u rbu lence  l e v e l s ,  were 
se lec ted  f o r  a n a l y s i s .  The p e r t i n e n t  t e s t  parameters a r e  summarized i n  t a b l e  I 
as cases 2 (a ) ,  ( b ) ,  and ( c ) .  Again, t h e  i n l e t  Reynolds number i s  based on t h e  
t e s t  s e c t i o n  l eng th ,  2.44 m  (8.0  f t ) .  
( 3 )  The t h i r d  da ta  s e t  was taken  f r om t h e  work o f  Han e t  a l .  ( r e f .  8 ) .  
They measured t h e  heat  t r a n s f e r  f r om  t h r e e  d i f f e r e n t  l a rge -sca le  t u r b i n e  a i r -  
f o i l s  over  a  range o f  Reynolds number and f ree-s t ream tu rbu lence  l e v e l .  The 
a i r f o i l s  had a  t r u e  chord o f  53.3 cm (21  i n )  and a  h e i g h t  o f  61 cm (24  i n ) .  
One o f  these da ta  se ts ,  f o r  an a i r f o i l  s u c t i o n  (convex) su r face ,  was se lec ted  
f o r  a n a l y s i s  i n  t h i s  study, and t h e  t e s t  parameters a r e  summarized i n  t a b l e  I 
as case 3. For t h i s  case, and those remaining, t h e  i n l e t  Reynolds number i s  
based on a i r f o i l  t r u e  chord.  The da ta  s e t  f r om  re fe rence  8 i s  f o r  incompress- 
i b l e  f l ow ,  as t h e  t e s t  used ambient a i r  f l o w i n g  over  an e l e c t r i c a l l y  heated 
a i r f o i l .  
( 4 )  The f o u r t h  da ta  s e t  cons idered was e x t r a c t e d  f rom t h e  r e p o r t  by 
Consigny and Richards ( r e f .  9 ) .  They used t h e  i s e n t r o p i c  l i g h t - p i s t o n  t unne l  
a t  t h e  Von Karman I n s t i t u t e  t o  c l o s e l y  s imu la te  a c t u a l  t u r b i n e  engine cond i -  
t i o n s  and measured t h e  heat  t r a n s f e r  r a t e s  t o  t h e  model a i r f o i l .  The a i r f o i l  
had a  t r u e  chord o f  8.0 cm (3.15 i n )  and a  h e i g h t  o f  10 cm (3.94 i n ) .  I n f o r -  
mat ion  f r om two o f  t h e i r  runs was used f o r  t h i s  r e p o r t ,  and t h e  c o n d i t i o n s  a r e  
t a b u l a t e d  i n  t a b l e  I as cases 4 (a )  and ( b ) .  The runs se lec ted  d i f f e r e d  o n l y  i n  
t h e  i n i t i a l  f ree -s t ream tu rbu lence  l e v e l .  Again, o n l y  t h e  s u c t i o n  su r f ace  da ta  
were cons idered he re i n .  For these cases t h e  a i r  was h o t t e r  than  t h e  sur face .  
( 5 )  The f i f t h  da ta  s e t  was taken f r om t h e  r e p o r t  o f  Schu l t z  e t  a l .  
( r e f .  l o ) ,  and f rom a d d i t i o n a l  i n f o r m a t i o n  repo r t ed  by Dan ie ls  and Browne 
( r e f .  1 ) .  They used t h e  f r e e - p i s t o n  t unne l  a t  Oxford Un ' t ve r s i t y  and tech-  
n iques s i m i l a r  t o  those i n  case 4  t o  measure heat  t r a n s f e r  r a t e s  t o  a  t u r b i n e  
a i r f o i l .  The a i r f o i l  had a  t r u e  chord o f  5.0 cm (1.96 i n )  and a  h e i g h t  o f  
7.5 cm (2.96 i n ) .  The two cases descr ibed  i n  re fe rences  1 0  and 11 were b o t h  
used he re i n ,  and t h e  c o n d i t i o n s  a r e  t a b u l a t e d  i n  t a b l e  I as cases 5(a)  and ( b ) .  
As i n  t h e  p rev ious  cases o n l y  s u c t i o n  su r f ace  da ta  were cons idered f o r  t h i s  
a n a l y s i s .  The o n l y  d i f f e r e n c e  between cases 5(a) and ( b )  was t h e  i n l e t  
Reynolds number. 
( 6 )  The f i n a l  da ta  s e t  cons idered f o r  t h i s  r e p o r t  was taken f r om t h e  suc- 
t i o n  su r f ace  da ta  r epo r t ed  by Lander ( r e f .  12)  and Lander e t  a l .  ( r e f .  13 ) .  
These da ta  were generated i n  a  t r a n s i e n t  t e s t  by us i ng  h o t  combustion gases t o  
hea t  a  cascade o f  t u r b i n e  a i r f o i l s  t h a t  was q u i c k l y  s h u t t l e d  i n t o  t h e  h o t  
stream. The a i r f o i l s  had a  t r u e  chord o f  6.0 cm (2.36 i n )  and a  h e i g h t  o f  
5.8 cm (2.3  i n ) .  The repo r t ed  t e s t s  were cha rac te r i zed  by ex t reme ly  h i g h  f r e e -  
s t ream tu rbu lence  l e v e l s .  The c o n d i t i o n s  o f  t h e  case used h e r e i n  a r e  t a b u l a t e d  
i n  t a b l e  I as case 6. 
RESULTS AND DISCUSSION 
The r e s u l t s  o f  t h i s  a n a l y s i s  a r e  presented i n  f i g u r e s  1  t o  6, and impor- 
t a n t  parameters a r e  t a b u l a t e d  i n  t a b l e  11. The f i g u r e s  show e i t h e r  Stanton 
number o r  heat  t r a n s f e r  c o e f f i c i e n t  as f u n c t i o n s  o f  t h e  su r f ace  d i s t a n c e  f r om 
t h e  s tagna t i on  p o i n t .  The two parameters most f r e q u e n t l y  found i n  t h e  l i t e r a -  
t u r e  t o  govern t h e  boundary l a y e r  t r a n s i t i o n  a r e  f ree -s t ream pressure  g r a d i e n t  
and t u rbu lence  l e v e l :  t h e  f a v o r a b l e  p ressure  g r a d i e n t  assoc ia ted  w i t h  stream- 
w ise  a c c e l e r a t i o n  has a  s t a b i l i z i n g  e f f e c t ,  and f ree-s t ream tu rbu lence  t r i g g e r s  
i n s t a b i l i t i e s .  These two parameters a r e  t a b u l a t e d  i n  t a b l e  I 1  f o r  t h e  cases 
s t u d i e d  h e r e f n  and a r e  i nc l uded  on t h e  f i g u r e s .  The t u rbu lence  l e v e l  i s  
d e f i n e d  as t h e  r a t i o  o f  t h e  r o o t  mean square o f  t h e  streamwise f l u c t u a t i n g  
v e l o c i t y  u  t o  t h e  f ree -s t ream v e l o c i t y  U. The p ressure  g r a d i e n t  i s  charac- 
t e r i z e d  by t h e  a c c e l e r a t i o n  parameter K, de f i ned  as t h e  p roduc t  o f  t h e  k i n e -  
ma t i c  v i s c o s i t y  u and t h e  streamwise v e l o c i t y  g r a d i e n t  dU/dx d i v i d e d  by t h e  
square o f  t h e  f ree -s t ream v e l o c i t y .  
I nc l uded  i n  t a b l e  I 1  a r e  t h e  de r i ved  va lues o f  momentum th i ckness  Reynolds 
number a t  t h e  s t a r t  and a t  t h e  end o f  t r a n s i t i o n .  The momentum th i ckness  
Reynolds number a t  t h e  s t a r t  o f  t r a n s i t i o n  i s  t h e  parameter c a l c u l a t e d  i n  most 
a t tempts  t o  model t h e  s t a r t  o f  t r a n s i t i o n .  
I n  a l l  cases t h e  f i g u r e s  i n c l u d e  curves f o r  two a d d i t i o n a l  STAN5 c a l c u l a -  
t i o n s :  one where t h e  boundary l a y e r  was assumed t o  remain laminar ,  and one 
where i t  was assumed t o  be f u l l y  t u r b u l e n t  f rom t h e  s t a r t .  These two cases 
f o rm  t h e  l i m i t s  between which t h e  t r a n s i t i o n a l  c a l c u l a t i o n s  f a l l .  I n  genera l  
t h e  laminar  c a l c u l a t i o n s  matched t h e  laminar  da ta  q u i t e  w e l l ,  and t h e  f u l l y  
t u r b u l e n t  c a l c u l a t i o n s  accep tab ly  matched t h e  t u r b u l e n t  data.  For t h e  t u rbu -  
l e n t  case t h e  P rand t l  m i x i n g  l e n g t h  model was used t o  compute t h e  t u r b u l e n t  
eddy d i f f u s i v i t y .  
Case 1  
The da ta  f o r  case 1  ( f i g .  1; t a b l e  11) d i f f e r e d  o n l y  i n  t h e  i n l e t  f r e e -  
t ream tu rbu lence  l e v e l .  As expected, h i ghe r  f ree -s t ream tu rbu lence  r e s u l t e d  
n  an e a r l i e r  transition as w e l l  as a  s h o r t e r  t r a n s i t i o n  l eng th .  The b e s t  f i t  
occur red  when t r a n s i t i o n  was assumed t o  s t a r t  c l o s e  t o  t h e  p o i n t  o f  minimum 
measured hea t  t r a n s f e r .  Th i s  was n o t  t r u e  f o r  t h e  cases t h a t  i n c l u d e  p ressure  
g r a d i e n t  e f f e c t s .  
Case 2 
The da ta  f o r  case 2 ( f i g .  2; t a b l e  11) had t h e  added c o m p l i c a t i o n  o f  an 
a c c e l e r a t i n g  f ree -s t ream f l o w .  For r e fe rence  t h e  f ree-s t ream v e l o c i t y  d i s t r i -  
b u t i o n  i s  i n c l u d e d  on f i g u r e  2  and a l l  subsequent f i g u r e s .  An i n t e r e s t i n g  
f e a t u r e  o f  t h e  c a l c u l a t i o n s  i s  t h a t ,  i n  o rder  t o  match t h e  data,  t h e  t r a n s i t i o n  
s t a r t i n g  p o i n t  must be l oca ted  cons ide rab l y  ahead o f  t h e  minimum hea t  t r a n s f e r  
p o i n t .  The l a r g e s t  e f f e c t  o f  a c c e l e r a t i o n  i s  seen i n  comparing f i g u r e s  2(a) 
and ( b ) ,  which a r e  f o r  about t h e  same tu rbu lence  l e v e l .  The h i ghe r  acce le ra -  
t i o n  o f  case 2 (b )  r e s u l t e d  i n  a  cons ide rab l y  longer  t r a n s i t i o n  zone than  t h a t  
f o r  case 2 ( a ) .  Comparing f i g u r e s  2 (b )  and ( c )  shows t h a t  f o r  a  cons tan t  f r e e -  
s t ream a c c e l e r a t i o n  parameter f ree -s t ream tu rbu lence  had a  s t r o n g  e f f e c t  on t h e  
l e n g t h  o f  t h e  t r a n s i t i o n  zone, w i t h  t h e  more t u r b u l e n t  case 2 ( c )  hav lng  a  s h o r t  
transition reg ion .  
Case 3 
Case 3  ( f i g .  3; t a b l e  11) represen ts  f l o w  over  an a c t u a l  a i r f o i l ,  so f l o w  
a c c e l e r a t i o n s  a r e  n o t  cons tan t  and su r f ace  c u r v a t u r e  e f f e c t s  a r e  p resen t .  How- 
ever ,  t h e  f ree -s t ream tu rbu lence  l e v e l  i s  r e l a t i v e l y  low. The t r a n s i t i o n  had 
t o  be f o r c e d  I n  t h e  c a l c u l a t i o n s  t o  s t a r t  i n  a  r e g i o n  where t h e  f l o w  
a c c e l e r a t i o n  was h igh,  w e l l  ahead o f  t h e  minimum hea t  t r a n s f e r  p o i n t ,  i n  o rde r  
t o  match t h e  behav io r  o f  t h e  data.  
Case 4  
Case 4 ( f i g .  4 ;  t a b l e  11) was f o r  a  t u r b i n e  vane s u c t i o n  su r face .  Essen- 
t i a l l y  t h e  o n l y  d i f f e r e n c e  between t h e  two cases was t h e  f ree-s t ream tu rbu lence  
l e v e l .  The d i s t r i b u t i o n  o f  t h e  f l o w  a c c e l e r a t i o n  parameter K over  t h e  a i r -  
f o i l  su r f ace  was t h e  same f o r  bo th .  I n  bo th  cases i t  was necessary i n  t h e  
c a l c u l a t i o n s  t o  f o r c e  t r a n s i t i o n  t o  beg in  ve ry  c l o s e  t o  t h e  leading-edge s tag-  
n a t i o n  p o i n t ,  b u t  t h e  l e n g t h  o f  t h e  t r a n s i t i o n  zone was markedly d i f f e r e n t  i n  
each case. For lower  t u rbu lence  ( f i g .  4 ( a ) )  t h e  c a l c u l a t e d  boundary l a y e r  
never reached a  f u l l y  t u r b u l e n t  s t a t e .  The agreement between t h e  STAN5 laminar  
and t u r b u l e n t  c a l c u l a t i o n s  and t h e  da ta  was s i g n i f i c a n t l y  worse f o r  t h e  h i ghe r  
t u rbu lence  case. 
Case 5  
The da ta  f o r  case 5 ( f i g .  5; t a b l e  11) d i f f e r e d  o n l y  i n  t h e  Reynolds num- 
ber .  S ince  t h e  v e l o c i t y  d i s t r i b u t i o n s  were t h e  same, t h i s  r e s u l t e d  i n  a  d i f -  
f e r e n t  l e v e l  o f  a c c e l e r a t i o n  parameter.  For an i n l e t  Reynolds number o f  1.26 
m i l l i o n  (case  5 (b ) ) ,  t h r e e  t imes t h e  va lue  f o r  case 5(a) ,  major  d i f f e r e n c e s  a r e  
apparent  i n  t h e  hea t  t r a n s f e r  da ta  f o r  t h e  t r a n s i t i o n a l  boundary l a y e r .  The 
most obvious reason f o r  t h i s  i s  t h e  e f f e c t  o f  K which,  f o r  a  cons tan t  ve loc -  
i t y ,  v a r i e s  i n v e r s e l y  w i t h  Reynolds number. Thus t h e  t r a n s i t i o n  zone was 
l onge r  f o r  t h e  low-Reynolds-number case s i nce  t h e  s t a b i l i z i n g  parameter, K, was 
h i ghe r .  
Case 6 
The d i s t i n g u i s h i n g  f e a t u r e  o f  case 6 ( f i g .  6; t a b l e  11) i s  t h e  h i g h  i n l e t  
t u rbu lence  l e v e l .  However, t h e  e f f e c t  o f  t h e  f ree -s t ream tu rbu lence  was o f f s e t  
by a  s t r o n g l y  a c c e l e r a t i n g  f l o w  f o r  about t h e  f i r s t  15 percen t  o f  t h e  vane 
sur face.  Once t h e  f l o w  a c c e l e r a t i o n  d im in ished ,  t h e  t r a n s l t i o n  progressed 
r a p i d l y .  
CONCLUDING REMARKS 
A number o f  heat  t r a n s f e r  da ta  se ts  were analyzed t o  determine t h e  l oca -  
t i o n  o f  t h e  s t a r t  o f  t h e  boundary l a y e r  t r a n s i t i o n  from laminar  t o  t u r b u l e n t  
f l o w  and t h e  l e n g t h  o f  t h e  t r a n s i t i o n  zone. The a n a l y s i s  used was t h e  STAN5 
two-dimensional  boundary l a y e r  program. The t r a n s i t i o n  s t a r t i n g  p o i n t  and t h e  
l e n g t h  o f  t h e  t r a n s i t i o n  zone were ad jus ted  I n  t h e  program i n p u t  u n t i l  t h e  
c a l c u l a t e d  heat  t r a n s f e r  d i s t r i b u t i o n  s a t i s f a c t o r i l y  matched t h e  measured d i s -  
t r i b u t i o n .  From t h i s  a n a l y s i s  t h e  momentum th i ckness  Reynolds numbers a t  t h e  
s t a r t  and end o f  t r a n s i t i o n  were determined, and t h e  r e s u l t s  were t a b u l a t e d  as 
a  f u n c t i o n  o f  exper imenta l  c o n d i t i o n s .  The l o c a t i o n  o f  t h e  s t a r t  o f  t h e  
boundary l a y e r  t r a n s l t i o n  e x h i b i t e d  a  s t r ong  dependence on bo th  f ree -s t ream 
pressure  g r a d i e n t  and t u rbu lence  l e v e l .  A f avo rab le  p ressure  g r a d i e n t  tended 
t o  de lay  t h e  onset  o f  t u r b u l e n t  f l ow ,  b u t  t h e  e f f e c t  o f  f ree -s t ream tu rbu lence  
was t o  hasten t h e  t r a n s i t i o n .  The l e n g t h  o f  t h e  t r a n s i t i o n  zone appeared t o  
depend s t r o n g l y  on f ree-s t ream parameters w i t h i n  t h e  zone r a t h e r  than  j u s t  on 
t h e  c o n d i t i o n s  a t  t h e  s t a r t  o f  t r a n s i t i o n ,  as i s  f r e q u e n t l y  assumed. 
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TABLE I .  - EXPERIMENTAL CONDITIONS FOR SELECTED DATA SETS 
Case an1 
f i g u r e  
TABLE 11. - DERIVED LOCAL TRANSITION PARAMETERS 
Case ana 
f i g u r e  
l ( a )  
l ( b )  
2 ( a )  
2 (b )  
2 ( c )  
3  
4 ( a )  
4 (b )  
5 (a )  
5 (b )  
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B l a i r  ( 7 )  
Han e t  a l .  ( 8 )  
Consigny and Richards (9 )  
Shu l t z  e t  a l .  ( 10 )  and 
Dan ie l s  and Brown (11 )  
Lander (12)  
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Figure 1. . - Stanton nwnber as a function of surface distance. Flate plate; f ree-steam velocity, 
30.5 Msec (100 ft/sec) . (Data from ref. 5). 
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Figure 2. - Stanton number as a function of surface distance. Flat plate; constant acceleration. 
(Data from ref. 6). 
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Figure 3. - Heat transfer coefficient as a function o f  surface distance. Large-scale turbine 
vane; suction surface; i n l e t  turbulence level,  0.008; local acceleration parameter K a t  
transit ion s tar t ,  0 .39xl0-~.  (Data from Han e t  a l .  ( ref .  8) .) 
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Figure 4. - Heat transfer coefficient as a function of  surface distance. Turbine vane suction 
surface; simulated engine conditions; local acceleration parameter K a t  transition start ,  
0 . 1 1 ~ 1 0 - ~ .  (Data from r e f .  9.) 
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(a) Local acceleration parameter K a t  transit ion start,  0.21~10-~; Reynolds number, Re, 
4.2x105. 
(b) Local acceleration parameter K a t  transit ion start,  0.88~10-~; Reynolds number, Re, 
12.6x105. 
Figure 5. - Heat transfer coefficient as a function o f  surface distance. Turbine vane suction 
surface; simulated engine conditions; i n le t  turbulence level, 0.040. (Data from ref.  10.) 
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Figure 6. - Heat transfer coefficient as a function o f  surface distance. Turbine vane suction 
surface; simulated engine conditions; i n l e t  turbulence level,  0.187; local acceleration parameter 
K a t  transit ion start ,  0 . 1 2 ~ 1 0 ' ~ .  (Data from r e f .  12 for very high turbulence.) 
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Some t u r b u l e n t  s o l u t i o n s  o f  t h e  unaveraged Navier-Stokes equat ions (equa- 
t i o n s  o f  f l u i d  mot ion)  a re  reviewed. Those equat ions are  solved numer i ca l l y  
i n  o rde r  t o  study t h e  non l i nea r  physics o f  incompressib le t u r b u l e n t  f l ow .  
I n i t i a l  three-dimensional cos ine v e l o c i t y  f l u c t u a t i o n s  and p e r i o d i c  boundary 
cond i t i ons  are  used i n  most o f  t h e  work considered. The t h r e e  components o f  
t h e  mean-square v e l o c i t y  f l u c t u a t i o n s  are  i n i t i a l l y  equal f o r  t h e  cond i t i ons  
chosen. The r e s u l t i n g  s o l u t i o n s  show c h a r a c t e r i s t i c s  o f  turbulence,  such as 
t h e  l i n e a r  and non l i nea r  e x c i t a t i o n  o f  smal l -scale f l u c t u a t i o n s .  For t h e  
s t ronger  f l u c t u a t i o n s  t h e  i n i t i a l l y  nonrandom f l o w  develops i n t o  an apparent ly  
random turbulence.  Thus randomness o r  tu rbu lence can a r i s e  as a  consequence 
o f  t h e  s t r u c t u r e  o f  t h e  Navier-Stokes equat ions. The cases considered i nc lude  
tu rbu lence t h a t  i s  s t a t i s t i c a l l y  homogeneous o r  inhomogeneous and i s o t r o p i c  o r  
a n i s o t r o p i c .  A mean shear i s  present  i n  some cases. A s t a t i s t i c a l l y  steady- 
s t a t e  tu rbu lence i s  obta ined by us ing  a  s p a t i a l l y  p e r i o d i c  body fo rce .  Various 
tu rbu lence processes, i n c l u d i n g  t h e  t r a n s f e r  o f  energy between eddy s izes  and 
between d i r e c t i o n a l  components and t h e  product ion,  d i s s i p a t i o n ,  and s p a t i a l  
d i f f u s i o n  o f  turbulence,  a re  considered. It i s  concluded t h a t  t h e  phys i ca l  
processes occu r r i ng  i n  tu rbu lence can be p r o f i t a b l y  s tud ied  numer ica l l y .  
I. INTRODUCTION 
Near ly  a l l  o f  t h e  f lows occu r r i ng  i n  nature,  as w e l l  as those t h a t  a re  
manmade, a re  t u r b u l e n t .  For instance,  t h e  boundary between a  column o f  r i s i n g  
smoke and t h e  surrounding atmosphere i s  gene ra l l y  i r r e g u l a r  and conta ins  a  
range o f  scales o f  motion, i n d i c a t i n g  t h e  presence o f  turbulence.  The atmos- 
phere i t s e l f  i s  u s u a l l y  t u rbu len t ,  as shown by t h e  i r r e g u l a r  appearance o f  many 
o f  t h e  clouds present  i n  i t .  Jets,  wakes, as t rophys i ca l  f lows,  and f lows over  
sur faces a re  commonly t u r b u l e n t ,  as i s  t h e  reg ion  downstream o f  a  g r i d  i n  a  
wind tunne l  o r  downstream o f  a  w a t e r f a l l .  I n  general ,  t u r b u l e n t  f lows are  t h e  
r u l e  and laminar  f lows t h e  except ion.  
Because o f  t h e  importance and chal lenge o f  t h e  tu rbu lence problem a  g rea t  
deal  o f  research has been done over  t h e  pas t  century.  Basic ideas have been 
s e t  f o r t h ,  f o r  instance,  i n  papers by Reynolds (1883, 1895). Tay lo r  (1921, 
1935), von Karman (1937a, 1937b), and Heisenberg (1948). That work, t oge the r  
w i t h  more recent  research, i s  discussed i n  books by Batche lo r  (1953), Hinze 
(1975). F ros t  and Moulden (1977), and others.  
I n  s p i t e  o f  considerable research a c t i v i t y  t h e r e  i s  no general  deduct ive 
theo ry  o f  high-Reynolds-number ( s t rong )  tu rbu lence.  (Reynolds number i s  
de f ined  as t h e  product  o f  a  v e l o c i t y  and a  l eng th  d i v i d e d  by t h e  k inemat ic  
v i s c o s i t y  o f  t h e  f l u i d .  It i s  a  measure o f  t h e  r a t i o  o f  i n e r t i a l  t o  viscous 
e f f e c t s . )  Most o f  t h e  anal.yt ica1 t h e o r i e s  depend on a  c losu re  assumption f o r  
X ~ l s o  pub l i shed i n  Reviews o f  Modern Physics, v o l .  56, no. 1, p a r t  I, 
A p r i l  1984. 
a h i e r a r c h y  o f  averaged equat ions .l Th is  immediate ly  c a l l s  i n t o  ques t i on  t h e  
appropr ia teness  o f  r e f e r r i n g  t o  t h e  a n a l y t i c a l  t h e o r i e s  as deduc t i ve ,  except  
a t  l ow Reynolds numbers o r  i n  t h e  f i n a l  s tage o f  decay, where n o n l i n e a r  e f f e c t s  
a r e  smal l  (Ba t che lo r ,  1953; De i ss l e r ,  1977). 
One way i n  which a  c l o s u r e  assumption can be avo ided i s  by c l o s u r e  by 
s p e c i f i c a t i o n  o f  s u f f i c i e n t  random i n i t i a l  c o n d i t i o n s  ( D e i s s l e r ,  1979).  That 
method can s u c c e s s f u l l y  p r e d i c t  t u rbu lence  decay, and i n  t h e  sense t h a t  t h e  
e v o l u t i o n  o f  a l l  i n i t i a l l y  s p e c i f i e d  q u a n t i t i e s  can be c a l c u l a t e d ,  g i ves  a  
complete s o l u t i o n .  To use it, however, t h e  i n i t i a l  c o n d i t i o n s  must be f u l l y  
t u r b u l e n t ,  and a  l a r g e  amount o f  i n i t i a l  da ta  i s  r e q u i r e d  t o  s a t i s f a c t o r i l y  
s p e c i f y  t h e  i n i t i a l  tu rbu lence .  The method does n o t  seem capable o f  ex tens ion  
t o  some cases o f  t u rbu lence  mainta ined by mean g r a d i e n t s ,  where t h e  e f f e c t  o f  
i n i t i a l  c o n d i t i o n s  may e v e n t u a l l y  become n e g l i g i b l e  (e.g., i n  f u l l y  developed 
t u r b u l e n t  p i p e  f l o w ) .  
I n  v iew o f  t h e  f o rego ing  comments i t  seems d e s i r a b l e  t o  cons ider  numer ica l  
s o l u t i o n s  o f  t h e  unaveraged Navier-Stokes equat ions t h a t  d i s p l a y  f ea tu res  o f  
t u rbu lence .  Numerical  methods and computers can be cons idered as t o o l s  f o r  t h e  
s o l u t i o n  o f  equat ions,  j u s t  as can F o u r i e r  t rans fo rms and s e r i e s  expansions. 
I t  migh t  be p o i n t e d  o u t  t h a t  i t  i s  more a p p r o p r i a t e  t o  r e f e r  t o  a  numer ica l  
s o l u t i o n  o f  t h e  unaveraged equat ions as deduc t i ve  than  i t  i s  t o  so r e f e r  t o  
most o f  t h e  a n a l y t i c a l  t heo r i es ,  which a r e  based on averaged equat ions and 
r e q u i r e  c l o s u r e  assumptions. Moreover, most o f  t h e  a n a l y t i c a l  t h e o r i e s  a r e  so 
comp l i ca ted  t h a t  a  l a r g e  amount o f  numer ica l  work i s  r e q u i r e d  t o  o b t a i n  r e s u l t s  
f r om  them. Attempts t o  o b t a i n  a n a l y t i c a l  s o l u t i o n s  o f  t h e  unaveraged equat ions 
have n o t  been success fu l ,  mos t l y  because o f  t h e  n o n l i n e a r i t y  o f  those equa- 
t i o n s .  H e r r i n g  (1973) ment ions t h a t  t h e  s i m p l e s t  t u rbu lence  t heo ry  i s  j u s t  t h e  
Navier-Stokes equat ions.  S ince most t u rbu lence  c a l c u l a t i o n s  a r e  numer ica l  
anyway, no i n s i g h t  i s  l o s t  by cons ide r i ng  d i r e c t  i n t e g r a t i o n  o f  t h e  Nav ie r -  
Stokes equat ions fo rward  i n  t ime,  s t a r t i n g  f r om  some s u i t a b l e  i n i t i a l  da ta .  
Numerical  s o l u t i o n  ( o r  numer ica l  s i m u l a t i o n )  has sometimes been c a l l e d  
exper iment.  I t  seems, a t  l e a s t  t o  t h i s  w r i t e r ,  t h a t  t h e r e  i s  an impo r tan t  
d i f f e r e n c e  between numer ica l  s o l u t i o n  and exper iment as g e n e r a l l y  p r a c t i c e d .  
The former  uses d i r e c t l y ,  and at tempts  t o  so lve ,  a  g i ven  s e t  o f  c o n s t i t u t i v e  
equa t ions ,  i n  t h i s  case t h e  Navier-Stokes equa t ions .  The l a t t e r  o r d i n a r i l y  
does no t ,  a l t hough  bo th  methods may a r r i v e  a t  t h e  same r e s u l t  i f  t h e  c o n s t i t u -  
t i v e  equat ions a r e  congruous w i t h  t h e  p o r t i o n  o f  n a t u r e  t o  which they  a r e  
app l i ed .  I n  genera l ,  i t  appears t h a t  exper iment works d i r e c t l y , w i t h  na tu re ,  
whereas numer ica l  s o l u t i o n  works w i t h  a  s e t  o f  c o n s t i t u t i v e  equat ions t h a t  
should  r ep resen t  a t  l e a s t  a  p o r t i o n  o f  na tu re .  
Severa l  numer ica l  s o l u t i o n s  o f  t h e  unaveraged equat ions have appeared t h a t  
use a  spectrum o f  random i n i t i a l  f l u c t u a t i o n s  (e.g., Orszag and Pat terson,  
1972; C la r k  e t  a l . ,  1979; Rogal lo,  1981; and F e i e r e i s e n  e t  a l . ,  1982) .  These 
s tud ies ,  which appear t o  demonstrate t h e  f e a s i b i l i t y  o f  c a r r y i n g  o u t  t u r b u l e n t  
s o l u t i o n s  w i t h  present-day computing equipment, rep resen t  major  advances. 
  he h i e r a r c h y  o f  c o r r e l a t i o n  (averaged) equat ions ob ta ined  f rom t h e  
unaveraged Navier-Stokes equat ions i s  unclosed because o f  t h e  n o n l i n e a r i t y  o f  
t h e  l a t t e r .  That i s ,  t h e r e  a r e  more unknowns than  equat ions,  so t h a t  a  
c l o s u r e  assumption i s  r e q u i r e d  t o  o b t a i n  a  s o l u t i o n .  
Because of t h e  d i f f i c u l t y  o f  s p e c i f y i n g  r e a l i s t i c  t u r b u l e n t  i n i t i a l  con- 
d i t i o n s  ( e x p e r i m e n t a l l y  o r  a n a l y t i c a l l y ) ,  i t  may be more a p p r o p r i a t e  t o  i n i -  
t i a l l y  s p e c i f y  a  s imple r e g u l a r  f l u c t u a t j o n  w i t h  a  s i n g l e  l e n g t h  sca le  ( as  
a c t u a l l y  occurs downstream o f  a  g r i d  i n  a  wind t u n n e l ) .  Th i s  should be b e t t e r  
f o r  s t udy ing  t h e  development o f  sma l l - sca le  f l u c t u a t i o n s  (and o f  t u rbu lence  i n  
genera l )  t han  would a  spectrum o f  i n i t i a l  f l u c t u a t i o n s ,  s i nce  f o r  t h e  l a t t e r ,  
sma l l - sca le  f l u c t u a t i o n s  a r e  a l r eady  p resen t  i n  t h e  i n i t i a l  f l o w .  Moreover, 
much h i ghe r  Reynolds number f l ows  can be c a l c u l a t e d  w i t h  a  g i ven  numer ica l  g r i d  
when a  s i n g l e  l e n g t h  sca le  i s  i n i t i a l l y  p resen t ,  a t  l e a s t  f o r  e a r l y  and moder- 
a t e  t imes .  Tay lo r  and Green (1937) and o the rs  (e.g., D e i s s l e r ,  1970a; 
Van Dyke, 1975; C o r r s i n  and Kollman, 1977; and D e i s s l e r  and Rosenbaum, 1973) 
have used a  p e r t u r b a t i o n  s e r i e s  t o  c a l c u l a t e  t h e  n o n l i n e a r  development o f  
h i ghe r  harmonics f r om  lower  ones, b u t  t h e  c a l c u l a t i o n s  cou ld  n o t  be c a r r i e d  
ve ry  f a r  i n  t ime.  I n  these analyses t h e  d i r e c t i o n a l  components o f  t h e  i n i t i a l  
f l u c t u a t i o n  i n t e n s i t y  were n o t  equal .  Orszag and Fateman (Orszag, 1977a) have 
r e c e n t l y  used Tay lo r  and Green's i n i t i a l  c o n d i t i o n s  and ob ta ined  a  numer ica l  
s o l u t i o n  f o r  h i ghe r  Reynolds numbers and longer  t imes.  The i n v i s c i d  ( i n f i n i t e  
Reynolds number) case was i n v e s t i g a t e d  i n  some d e t a i l  by Betchov and Szewczyk 
(1978).  
The p resen t  rev iew cons iders  t h e  n o n l i n e a r  phys ics  o f  t u rbu lence  numeri- 
c a l l y .  A l though t h e  i n i t i a l  c o n d i t i o n s  used h e r e i n  a r e  nonrandom, t h e  f l o w  a t  
h i g h e r  Reynolds numbers breaks up i n t o  an appa ren t l y  random tu rbu lence .  U n l i k e  
t h e  prob lem o f  Tay lo r  and Green a l l  t h r e e  o f  t h e  d i r e c t i o n a l  components o f  t h e  
mean-square v e l o c i t y  f l u c t u a t i o n s  ar'e equal  a t  t h e  i n i t i a l  t ime .  I n  t h e  
absence o f  mean shear they  a r e  a l s o  equal  a t  l a t e r  t imes.  Tay lo r  and Green's 
d i r e c t i o n a l  components, on t h e  o t h e r  hand, do n o t  approach e q u a l i t y ,  even a t  
l o n g  t imes (Orszag, 1977a). 
To s tudy t h e  processes i n  tu rbu lence ,  f i r s t  some background on t h e  bas i c  
f l u i d  f l o w  and t u rbu lence  equat ions i s  g i ven  i n  s e c t i o n  I 1  and on numer ica l  
methods and s o l u t i o n s  i n  s e c t i o n  111. Four cases o f  t u rbu lence  a r e  then  con- 
s idered,  s t a r t i n g  i n  s e c t i o n  I V  w i t h  t h e  s imp les t  one, i n  which mean g r a d i e n t s  
a r e  absent  ( D e i s s l e r ,  1981a).  I n  t h i s  case no energy sources a r e  p resen t  and 
t h e  t u rbu lence  decays f r e e l y .  (By c o n t r a s t  t h e  presence o f  mean g rad ien t s  
would i m p l y  energy sources i n  t h e  f l o w . )  Here ( i n  s e c t i o n  I V )  one can s tudy 
v iscous  d i s s i p a t i o n  and t h e  n o n l i n e a r  t r a n s f e r  o f  energy between wave numbers 
o r  eddy s izes ,  as w e l l  as t h e  randomiza t ion  o f  t h e  f l o w .  Next,  i n  s e c t i o n  V a  
u n i f o r m  mean shear i s  a p p l i e d  t o  s tudy t u rbu lence  p r o d u c t i o n  and maintenance, 
and t h e  l i n e a r  and n o n l i n e a r  t r a n s f e r  o f  energy between wave numbers and 
between d i r e c t i o n a l  components ( D e i s s l e r ,  1 9 8 1 ~ ) .  The t r a n s f e r  o f  energy 
between wave numbers ( b o t h  l i n e a r  and n o n l i n e a r )  i s  man i fes ted  by t h e  c r e a t i o n  
o f  sma l l - sca le  s t r u c t u r e  i n  t h e  tu rbu lence .  Then, i n  s e c t i o n  V I ,  t h e  s p a t i a l  
d i f f u s i o n  o f  t h e  inhomogeneous t u rbu lence  i n  a  deve lop ing  shear l a y e r  i s  con- 
s i de red  ( D e i s s l e r ,  1982).  F i n a l l y ,  by us i ng  a  s p a t i a l l y  p e r i o d i c  body f o r c e  a  
t u rbu lence  t h a t  i s  s t a t i s t i c a l l y  steady s t a t e  a t  l o n g  t imes i s  s t ud ied  i n  sec- 
t i o n  V I I .  The f i r s t  t h r e e  o f  these cases have a l s o  been s tud ied ,  b u t  w i t h  a  
spectrum o f  random i n i t i a l  f l u c t u a t i o n s  and i n  some cases w i t h  an assumption 
f o r  t h e  sma l l  eddies, i n  Orszag and Pa t t e r son  (1972),  C la r k  e t  a l .  (1979), 
Roga l lo  (1981), Shannan e t  a l .  (1975),  and Cain e t  a l .  (1981).  Here we w i l l  
c o n f i n e  ourse lves  t o  t h e  development o f  t u rbu lence  f r om nonrandom i n i t i a l  
c o n d i t i o n s  w i t h  a  s i n g l e  l e n g t h  sca le .  
One o f  t h e  problems i n  t h e  numer ica l  s tudy o f  t u rbu lence  i s  t h a t  o f  accu- 
racy,  because o f  t h e  smal l  s ca le  o f  some o f  t h e  t u r b u l e n t  eddies.  As t h e  
Reynolds number ( s t r e n g t h )  o f  t h e  t u rbu lence  o r  t h e  t ime  inc reases ,  sma l l e r  
eddies a r e  generated. No ma t t e r  how smal l  t h e  numer ica l  mesh s i ze ,  one can 
always p i c k  a  Reynolds number o r  t ime  l a r g e  enough t h a t  t h e  r e s u l t s  w i l l  be 
q u a n t i t a t i v e l y  i naccu ra te .  One way o f  improv ing  t h e  accuracy i s  by ex t r apo la -  
t i o n  t o  zero mesh s ize ,  as w i l l  be done here.  The e f f e c t i v e n e s s  o f  t h a t  p ro -  
cedure depends t o  some e x t e n t  on t h e  accuracy o f  t h e  unex t rapo la ted  s o l u t i o n .  
I f  t h e  s o l u t i o n  has t o  be ex t r apo la ted  t o o  f a r ,  t h e  r e s u l t s  may n o t  be accu- 
r a t e .  Another popu la r  method ( n o t  used here)  i s  t o  model eddies sma l l e r  than  
t h e  g r i d  spac ing ( s u b g r i d  model ing) (e.g. ,  Smagorinsky, e t  a l . ,  1963; 
Dea rdo r f f ,  1970; C l a r k  e t  a l . ,  1979; and Fe rz i ge r ,  1977). Th i s  method r e q u i r e s  
an e m p i r i c a l  i n p u t ,  a l though  n o t  as g r e a t  a  one as t h a t  f o r  f u l l  model ing o f  
t h e  averaged equat ions.  One migh t  t h i n k  o f  subg r i d  model ing as a  u s e f u l  c r u t c h  
t h a t  can be phased o u t  as numer ica l  r e s o l u t i o n  improves. However, when i t  i s  
used, i t  i s  sometimes d i f f i c u l t  t o  t e l l  which e f f e c t s  come f rom t h e  equat ions 
o f  mot ion  and which r e s u l t  f rom t h e  subgr id  model ing.  S i g g i a  (1981) has 
r e c e n t l y  cons idered t h e  converse problem; he made a numer ica l  s tudy o f  t h e  
sma l l - s ca le  eddies i n  which he modeled t h e  l a r g e r  ones. 
Here we a r e  ma in ly  concerned w i t h  p h y s i c a l  processes and t rends ,  r a t h e r  
than  w i t h  h i g h l y  accura te  numer ica l  r e s u l t s  ( p o s s i b l y  u n a t t a i n a b l e  a t  ve ry  h i g h  
Reynolds numbers). O f  course some degree o f  accuracy i s  necessary; o t he rw i se  
we w i l l  n o t  even be a b l e  t o  c a l c u l a t e  t rends .  As t h e  numer ica l  mesh s i z e  
decreases, q u a n t i t a t i v e  d i f f e r e n c e s  i n  t h e  r e s u l t s  m igh t  be obta ined.  I t  i s  
t o  be hoped, however, t h a t  t h e  r e s u l t s  w i l l  n o t  be q u a l i t a t i v e l y  d i f f e r e n t .  
Resu l t s  t o  da te  i n d i c a t e  t h a t  t o  be t h e  case.2 
Other r e l e v a n t  rev iew a r t i c l e s  a r e  g i ven  by Orszag (1977b),  Schumann, e t  
a l .  (1980) ,  Eckman (1981),  and O t t  (1981) .  
11. BASIC EQUATIONS AND CONCEPTS 
A .  The Unaveraged Equat ions 
Tu rbu len t  f l ows  o f  a  g r e a t  many l i q u i d s  and gases obey t h e  Navier-Stokes 
equa t ions .  Those equat ions assume t h a t  t h e  f l u i d  i s  Newtonian ( s t r e s s  propor-  
t i o n a l  t o  s t r a i n  r a t e )  and t h a t  i t  can be cons idered a continuum. The l a t t e r  
2 ~ h e  a t t a i nmen t  o f  accura te  q u a n t i t a t i v e  r e s u l t s  appears t o  be a ques- 
t i o n  o f  improvement o f  computers and o f  numer ica l  methods. I f  s t a t e - o f - t h e - a r t  
numer ica l  methods and computers a r e  used, good q u a n t i t a t i v e  as w e l l  as q u a l i -  
t a t i v e  r e s u l t s  can a l r eady  be obta ined,  a t  l e a s t  f o r  l ow and moderate Reynolds 
numbers. Orszag and Patera (1981) (as  w e l l  as Moin and Kim (1982) us i ng  sub- 
g r i d  model ing)  made s i g n i f i c a n t  numer ica l  c a l c u l a t i o n s  o f  t h e  v e l o c i t y  p r o f i l e  
i n  t h e  w a l l  r e g i o n  o f  f u l l y  developed t u r b u l e n t  channel f l ow .  The r e s u l t s  
agreed reasonably  w e l l  w i t h  exper iment,  showing a w a l l  t r a n s i t i o n  r e g i o n  and a 
f u l l y  t u r b u l e n t  r e g i o n  i n  which t h e  v e l o c i t y  v a r i e s  as t h e  l o g a r i t h m  o f  d i s -  
tance  f r om t h e  w a l l .  The advent o f  high-speed computers and e f f i c i e n t  numeri-  
c a l  a l g o r i t h m s  may be making p o s s i b l e  f o r  t h e  f i r s t  t ime  t h e  use o f  t h e  
Navier-Stokes equat ions i n  t h e  s o l u t i o n  o f  a  wide range o f  r e a l i s t i c  
( t u r b u l e n t )  f l u i d - f l o w  problems. 
i s  u s u a l l y  a  good assumption because i n  most cases i n t e r m o l e c u l a r  l eng ths  a re  
much sma l l e r  than  t h e  sma l l es t  s i g n i f i c a n t  t u r b u l e n t  eddies.  
1 .  Equat ions i n  terms o f  ins tantaneous q u a n t i t i e s  
The Navier-Stokes and c o n t i n u i t y  equat ions f o r  cons tan t  f l u i d  p r o p e r t i e s  
( i n c l u d i n g  i n c o m p r e s s i b l l i t y ) 3 9 4  can be w r i t t e n  as (e.g. ,  Ba tche lo r ,  1967; 
o r  De l ss l e r ,  1976) 
and 
The s u b s c r i p t s  can t ake  on t h e  va lues 1, 2, and 3, and a repeated s u b s c r i p t  i n  
a  t e rm  I n d i c a t e s  a  summation, w i t h  t h e  s u b s c r i p t  success ive ly  t a k i n g  on t h e  
va lues 1, 2, and 3. The q u a n t i t y  i s  an ins tantaneous v e l o c i t y  compo- 
nen t ,  x i  i s  a space coord ina te ,  t i s  t h e  t ime,  p i s  t h e  dens i t y ,  u t h e  
k inemat i c  v i s c o s i t y ,  and p i s  t h e  ins tan taneous  p ressure .  Equat ions ( 1 )  and 
( 2 )  are,  r e s p e c t i v e l y ,  statements o f  t h e  conse rva t i on  o f  momentum and o f  mass. 
I n  o rde r  t o  o b t a i n  an e x p l i c i t  equa t ion  f o r  t h e  pressure,  we t ake  t h e  d i v e r -  
gence o f  equa t ion  ( 1 )  and app ly  t h e  c o n t i n u i t y  equa t ion  ( 2 )  t o  g e t  
I n  t h e  remainder o f  t h e  paper i t  w i l l  u s u a l l y  be convenient  t o  use 
equatqons ( 1 )  and ( 3 )  r a t h e r  than  ( 1 )  and ( 2 ) .  Equat ions ( 1 )  ( i  = 1, 2, 3 )  
and ( 3 )  c o n s t i t u t e  a  s e t  o f  f o u r  equa t ions  i n  t h e  f o u r  unknowns u i  and p. 
S ince they  a r e  f o r  ins tantaneous v e l o c i t i e s  and pressures,  they  should app ly  
t o  t u r b u l e n t  as w e l l  a s . t o  laminar  f l ows ,  s u b j e c t  t o  t h e  r e s t r i c t i o n s  mentioned 
a t  t h e  beg inn ing  o f  t h i s  sec t i on .  The Navier-Stokes equat ions have been known 
f o r  more than  a cen tu ry ,  b u t  t h e i r  use i n  t u r b u l e n t  f l ows ,  o the r  than  i n  a  
schematic sense, has been r e s t r i c t e d  by a  l a c k  o f  a b l l i t y  t o  o b t a i n  s o l u t i o n s .  
Now, w i t h  advances i n  computers and numer ica l  methods t h e  s i t u a t i o n  appears 
somewhat b r i g h t e r .  
3 ~ h e  c o n t l n u l  t y  equa t ion  i s sometimes i nc l uded  i n  t h e  Navier-Stokes 
equa t ions .  
4 ~ o s t  t u rbu lence  s tud ies  have been c a r r l e d  o u t  f o r  cons tan t  p r o p e r t i e s ,  
f o r  s i m p l i c i t y .  That f l o w  i s  r e a l i s t i c  i f  t h e  t u rbu lence  v e l o c i t i e s  a r e  rea-  
sonably low compared w i t h  t h e  v e l o c i t y  o f  sound, and i f  temperature g rad ien t s  
a r e  n o t  l a r g e .  
The fundamental t u rbu lence  problem i s  an i n i t i a l - v a l u e  problem. That i s ,  
g i v e n  i n i t i a l  va lues f o r  t h e  u i  as f u n c t i o n s  o f  p o s i t i o n ,  a  va lue  f o r  V ,  
and s u i t a b l e  boundary cond i t i ons ,  equat ions (1) and (3 )  should be s u f f i c i e n t  
f o r  c a l c u l a t i n g  t h e  u i  and p/p as f u n c t i o n s  o f  t ime  and p o s i t i o n .  The 
i n i t i a l  and boundary c o n d i t i o n s  used h e r e i n  a r e  s p e c i f i e d  i n  s e c t i o n  111. 
To i n t e r p r e t  t h e  terms i n  equa t ion  ( I ) ,  i t  i s  convenient  t o  m u l t i p l y  i t  
th rough  by p and by t h e  s t a t i o n a r y  volume element dxl dx2 dx3. Then t h e  
t e rm  on t h e  l e f t  s i d e  o f  t h e  equa t ion  i s  t h e  t i m e  r a t e  o f  change o f  momentum i n  
t h e  element p u i  dx1 dx2 dx3. Th i s  r a t e  o f  change i s  c o n t r i b u t e d  t o  by t h e  
terms on t h e  r i g h t  s i d e  o f  t h e  equa t ion .  The f i r s t  t e rm  on t h e  r i g h t  s ide ,  a  
n o n l i n e a r  i n e r t i a  term, i s  t h e  n e t  r a t e  o f  f l o w  o f  momentum i n t o  t h e  element 
th rough  i t s  faces.  The n e x t  term, a l s o  non l i nea r ,  i s  a  p ressure - fo rce  t e rm  
and g i ves  t h e  n e t  f o r c e  a c t i n g  on t h e  element by v i r t u e  o f  t h e  p ressure  g r a d i -  
e n t  i n  t h e  x i  d i r e c t i o n .  It i s  n o n l i n e a r  because of t h e  n o n l i n e a r  source 
t e rm  on t h e  r i g h t  s i d e  o f  t h e  Poisson equa t i on  f o r  t h e  p ressure  (eq. ( 3 ) ) .  
F i n a l l y ,  t h e  l a s t  t e r m  i n  equa t ion  ( I ) ,  a l i n e a r  v i scous- fo rce  term, g i ves  t h e  
n e t  f o r c e  a c t i n g  on t h e  element i n  t h e  x i  d i r e c t i o n  by v i r t u e  o f  t h e  
v i s c o s i t y .  
2. Equat ions i n  terms o f  mean and f l u c t u a t i n g  components 
Fo l l ow ing  Reynolds (1895) one can break t h e  ins tantaneous v e l o c i t i e s  and 
p ressure  i n  equa t lons  ( 1 )  t o  ( 3 )  i n t o  mean and f l u c t u a t i n g  ( o r  t u r b u l e n t )  




The overbars  des igna te  averaged v a l u e s a 5  Equat ion ( 2 )  becomes, on us i ng  
equa t ions  ( 4 ) ,  ( 6 ) ,  and ( 7 ) ,  
which shows t h a t  bo th  t h e  f l u c t u a t i n g  and mean v e l o c i t y  components obey con- 
t i n u i t y .  Equat ions ( 1 )  and ( 3 )  become, on us i ng  equat ions ( 4 )  t o  ( 9 ) .  t a k i n g  
averages, and s u b t r a c t i n g  t h e  averaged equa t ions  f r om t h e  unaveraged ones, 
2 2 2 -  a ( U ~ U Q )  auk auk l a p = -  - 2 -  -t a 'kUk 
P ax, axk ax Q ax, axk axk axQ 
Equat ions (10)  and (11)  w i l l  be used t o  s tudy  t h e  processes i n  tu rbu lence ,  b u t  
n o t  f o r  computat iona l  purposes (excep t  i n  l i n e a r i z e d  cases). The f i r s t  f o u r  
terms o f .  equa t ion  (10)  and t h e  f i r s t  two o f  equa t ion  (11)  look  l i k e  t h e  terms 
i n  equa t ions  ( 1 )  and ( 3 ) ,  a l though  t h e i r  meanings a r e  e x a c t l y  t h e  same o n l y  
i f  U i  = P = 0  (eqs. ( 4 )  and ( 5 ) ) .  The f i r s t  t h r e e  terms on t h e  r i g h t  s i d e  o f  
equa t i on  ( l o ) ,  which c o n t r i b u t e  t o  a u i / a t ,  can s t i l l  be i n t e r p r e t e d  as an 
i n e r t i a - f o r c e  ( o r  t u rbu lence  s e l f - i n t e r a c t i o n )  term, a  p ressure - fo rce  term, and 
a  v i scous- fo rce  term. The remain ing terms are,  r e s p e c t i v e l y ,  a  t u rbu lence  
p r o d u c t i o n  term, a  mean-flow convec t ion  term, and a mean- turbu lent -s t ress term, 
which appears when t h e  t u rbu lence  i s  s t a t i s t i c a l l y  inhomogeneous (when mean 
- 
turbu lence  q u a n t i t i e s  such as uiuk a r e  f unc t i ons  o f  p o s i t i o n ) .  (The reasons 
c a l l i n g  t h e  p roduc t i on  and convec t ion  terms as such w i l l  perhaps become c l e a r e r  
when t h e  e q u i v a l e n t  terms i n  t h e  averaged equat ions (eqs. (14)  and ( 1 5 ) )  a r e  
d iscussed. )  I t  w i l l  be seen t h a t  when t h e  mean v e l o c i t y  g r a d i e n t  i s  n o t  zero, 
t h e  t e r m  -Uk au i /axk generates a  sma l l - sca le  s t r u c t u r e  i n  t h e  t u rbu lence  by 
v o r t e x  s t r e t c h i n g .  The n o n l i n e a r  s e l f - i n t e r a c t i o n  t e rm  -a (u juk ) /axk  a l s o  
produces a  sma l l - sca le  s t r u c t u r e  and i n  add1 t i o n  produces randomizat ion o f  t h e  
f l ow.  These e f f e c t s  w i l l  be cons idered i n  sec t i ons  I V  t o  V I .  The Poisson 
equa t ion  f o r  t h e  p ressure  f l u c t u a t i o n  (eq. ( 1 1 ) )  has t h r e e  source terms: a  
n o n l i n e a r  term, a  mean-gradient term, and a  mean- turbu lent -s t ress term, which 
appears when t h e  t u rbu lence  i s  inhomogeneous. 
We have d e f i n e d  an inhomogeneous t u rbu lence  as one t n  which averaged 
t u rbu lence  q u a n t i t i e s  a r e  f u n c t i o n s  o f  p o s i t i o n .  Thus, a  homogeneous t u rbu -  
l ence  i s  one i n  which averaged t u rbu lence  q u a n t i t i e s  a r e  n o t  f u n c t i o n s  o f  
p o s i t i o n .  For ins tance ,  i n  homogenous t u rbu lence  
5 ~ o r  t h e  most genera l  f l ows  t h e  average i s  u s u a l l y  an ensemble average 
over  a  l a r g e  number o f  macroscop ica l l y  i d e n t i c a l  f l ows  (1.e.. mean q u a n t i t i e s ,  
b u t  n o t  f l u c t u a t i n g  q u a n t i t i e s ,  a r e  t h e  same i n  a l l  t h e  f l o w s ) .  I n  most cases, 
however, s t a t i s t i c a l  u n i f o r m i t y  o r  s t a t i o n a r i t y  w i t h  r espec t  t o  one o r  more 
coord ina tes ,  o r  w i t h  respec t  t o  t ime,  ob ta i ns .  Then, t h e  average i s  taken  w i t h  
r espec t  t o  t h e  one o r  more coord ina tes  o r  w i t h  r espec t  t o  t ime .  Accord ing t o  
t h e  e rgod ic  theorem those averages a r e  t h e  same as t h e  ensemble average i f  t h e  
f l o w  i s  t u r b u l e n t .  I n  s e c t i o n  V ( u n i f o r m  mean shear)  three-d imensional  s p a t i a l  
averages a r e  used, even when t h e  p e r i o d i c  boundary c o n d i t i o n s  i n t r o d u c e  some 
l o c a l  inhomogeneity i n t o  t h e  f l u c t u a t i o n s .  Those averages s t i l l  have meaning 
s i n c e  t h e i r  va lues a r e  independent o f  t h e  p o s i t i o n  o f  t h e  boundar ies o f  t h e  
c y c l e  over  which t h e  averages a r e  taken. 
u u u  # U U U  ( xa )  i j k  i j k  
and 
S i m i l a r  statements app ly  t o  o the r  averaged t u rbu lence  q u a n t i t i e s  i n  a  
homogenous t u rbu lence .  
8 .  Averaged Equa t i  ons 
A l though t h e  averaged equat ions w i l l  n o t  be so lved n u m e r i c a l l y  because 
t hey  do n o t  f o rm  a  c losed  se t ,  they  a r e  u s e f u l  f o r  s t udy ing  t h e  processes i n  
t u rbu lence .  
1. Equat ions f o r  mean f l o w  
F i r s t  cons ider  t h e  equat ions ob ta ined  by averag ing  each t e rm  o f  
equat ions ( 1 )  and ( 3 )  and us i ng  equat ions ( 4 )  t o  ( 9 ) . 5  Th i s  g i ves  
and 
These equat ions l ook  l i k e  equat ions ( 1 )  and ( 3 )  w i t h  ins tan taneous  va lues 
rep laced  by average values, b u t  w i t h  t h e  impo r tan t  d i f f e r e n c e  t h a t  an e x t r a  
- 
term i n v o l v i n g  t h e  q u a n t i t y  u j u j  now appears i n  each o f  t h e  equat ions.  
These terms a r i s e  f r om  t h e  n o n l i n e a r  v e l o c i t y  terms i n  equat ions ( 1 )  and ( 3 )  
and a r e  a  m a n i f e s t a t i o n  o f  t h e  c l o s u r e  problem of tu rbu lence1  . I f  those  
terms were absent,  equat ions ( 12 )  and (13 )  cou ld  be solved, and t u r b u l e n t  f l ows  
would be no more d i f f i c u l t  t o  c a l c u l a t e  than  laminar  ones. Note t h a t  terms i n  
equa t ions  ( 12 )  and (13 )  t h a t  c o n t a i n  lower-case l e t t e r s  ( o t h e r  t han  x ' s )  a r e  
t u r b u l e n t  terms. 
The , f o rm  o f  equa t ion  (12)  suggests t h a t  t h e  q u a n t i t y  -pu u  augments t h e  
v i  scous s t r e s s  pvaui /axk.  S ince i t  i n v o l v e s  t h e  f l u c t u a t i n g i o k  t u r b u l e n t  
v e l o c i t y  components u j  and uk, we i n t e r p r e t  i t  as a  t u r b u l e n t  o r  
- 
Reynolds s t r e s s .  For  I ns tance  -pu u  w i l l ,  i n  t h e  presence of  a  mean-ve loc i ty  
g r a d i e n t  aUl/ax2, a c t  l i k e  a  sheat $ t r e s s  on an x i - x3  p lane.  I n  t h e  
presence o f  aUl/ax2, u l  w i l l  more l i k e l y  be nega t i ve  than  p o s i t i v e  when u2 
i s  positive, so t h a t  u,u, w i l l  have a  nonzero nega t i ve  va lue.  The q u a n t i t y  
I L 
-pu u can be compared w i t h  a  v iscous shear s t r e s s  ob ta ined  i n  t h e  k i n e t i c  
t heh rg  o f  gases, where u l  and u2 a r e  now mo lecu la r ,  r a t h e r  than  macros ,pic 
v e l o c i t y  components. S i m i l a r l y  pu2 w i l l  a c t  l i k e  a  normal s t r e s s  on sn 
X2-xj  p l ane  ( s i m i l a r  t o  a  normal s i r e s s  o r  p ressure  ob ta ined  i n  k i n e t . ~  
t heo ry ,  where u l  i s  aga in  taken t o  be a  mo lecu la r  v e l o c i t y  component). 
2. One-point c o r r e l a t i o n  equat ions 
a. Cons t ruc t i on  o f  equat ions 
- 
We can c o n s t r u c t  equat ions f o r  t h e  undetermined q u a n t i t i e s  uiuI i n  
equa t ions  ( 12 )  and (13)  f rom t h e  e v o l u t i o n  equa t ion  f o r  u i  (eq.  ( 1 6 ) )  and 
a  s i m i l a r  equa t ion  f o r  t h e  component u j :  
M u l t i p l y  equa t ion  (10)  by u j  and t h e  reced ing  equa t ion  f o r  
u i ,  add t h e  two equat ions,  and average.g Th i s  g ives ,  u s i n g  
(es .  (911,  
2- 
- 




+ ~ 5 )  + -.LL ax ax, a U i u j U ~ ; ( + p u j  axj  axk a 
- - 
-, au, au, \ au, au, 
S e t t i n g  i = j and us i ng  c o n t i n u i t y ,  we ge t ,  f o r  t h e  r a t e  o f  change o f  t h e  
k i n e t i c  energy per  u n i t  mass, 
a' ( uiu1/2) aui aui 
- 
l a  - p (puk) + ax, ax - v- - a axa axa 
As i n  equat ions (12)  and (13 ) ,  q u a n t i t i e s  i n  equat ions (14)  and (15)  t h a t  
c o n t a i n  lower-case l e t t e r s  ( o t h e r  than  x ' s )  a r e  t u r b u l e n t  q u a n t i t i e s .  
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The one-po in t  c o r r e l a t i o n  equa t ion  (eq. ( 14 ) )  g i ves  an express ion  f o r  t h e  
r a t e  o f  change o f  u  u  t h a t  m igh t  be used I n  c o n j u n c t i o n  w i t h  equat ions ( 12 )  i S 
and (13 ) .  But  t h e  s i t u a t i o n  w i t h  r espec t  t o  c l o s u r e  i s  now worse than  i t  was 
- 
before.  Whereas w i t h o u t  equa t ion  ( 14 )  we o n l y  had t o  determine u ju j ,  w i t h  i t  
- 
we have t o  determine q u a n t i t i e s  l i k e  ujujuk, puj, p  au /ax and 3 1 '  (aul /axQ)(au /ax,). We migh t  use equa t ion  (11)  t o  o b t a i n  t h e  p ressure  c o r r e -  S 
l a t i o n s ,  b u t  t h a t  would o n l y  i n t r o d u c e  more unknowns. However, equat ions ( 14 )  
and (15 )  a r e  u s e f u l  f o r  s t udy ing  t h e  processes i n  t u rbu lence  i n  t h a t  most o f  
t h e  terms have c l e a r  p h y s i c a l  meanings. Moreover, we w i l l  be a b l e  t o  ca l cu -  
l a t e  terms i n  those  equa t ions  f r om our numer ica l  s o l u t i o n s .  
b. Phys i ca l  i n t e r p r e t a t i o n  o f  terms 
As i n  t h e  case o f  equa t ion  ( 1 )  i t  i s  h e l p f u l ,  f o r  purposes of i n t e r p r e -  
t a t i o n ,  t o  m u l t i p l y  t h e  terms i n  equat ions ( 14 )  and (15 )  th rough  by p and 
by a  volume element dx, dx, dx,. Then t h e  t e rm  on t h e  l e f t  s i d e  o f  
L .I 
- 
equat ion  (14)  o r  ( 15 )  g i ves  t h e  t ime  r a t e  o f  change o f  pu  u  o r  o f  t h e  
- 3 '  
k i n e t i c  energy pului/2, w i t h i n  t h e  element. Th is  r a t e  o f  change i s  c o n t r i b -  
u ted  t o  by t h e  terms on t h e  r i g h t  s i d e  o f  t h e  equat ions.  The f i r s t  o f  those  
terms i s  equal  t o  t h e  n e t  work done on t h e  element by t u r b u l e n t  s t resses  a c t -  
i n g  i n  c o n j u n c t i o n  w i t h  mean-ve loc i ty  g rad ien t s .  It i s  t h e r e f o r e  c a l l e d  a  t u r -  
- 
bulence p r o d u c t i o n  term; i t  equals t h e  r a t e  o f  p roduc t i on  o f  pu,u, o r  o f  
- J 
pu u  /2 w i t h i n  t h e  volume element by work done on t h e  element. A somewhat 
a b i r k v i a t e d  i n t e r p r e t a t i o n  suggested by t h e  fo rm o f  t h e  term, which i s  o f t e n  
-
given, 3s t h a t  i t  represen ts  work done on t h e  t u r b u l e n t  s t r e s s  pujui by t h e  mean-ve loc i ty  g r a d i e n t .  
The n e x t  t e rm  i n  each o f  t h e  equat ions descr ibes  t h e  convec t ion  o r  n e t  
f l o w  o f  t u rbu lence  o r  t u r b u l e n t  energy i n t o  a  volume element by t h e  mean ve loc -  
i t y  Uk. I t  moves t h e  t u rbu lence  b o d i l y ,  r a t h e r  than  do ing  work on i t  by 
deforming it, as i n  t h e  case o f  t h e  p roduc t i on  term.  I t  vanishes when e i t h e r  
Uk i s  zero (no  mean f l o w )  o r  when t h e  t u rbu lence  i s  homogenous 
- - ( u  u # u  u  ( x k ) )  I n  t h e  l a t t e r  case t h e r e  i s  no accumulat ion o f  t u rbu lence  
i j  1 3  
w i t h i n  a  volume element, even w i t h  a  mean f l ow .  
The n e x t  t h r e e  terms i n  equa t ion  (14) and i n  equa t ion  (15) a l s o  van ish  
f o r  homogeneous tu rbu lence .  S ince they  do n o t  c o n t a i n  t h e  mean v e l o c i t y ,  they  
do n o t  convect  o r  move t h e  t u rbu lence  b o d i l y .  There fo re  we i n t e r p r e t  them as 
d i f f u s i o n  terms, which d i f f u s e  n e t  t u rbu lence  f rom one p a r t  o f  t h e  t u r b u l e n t  
f i e l d  t o  another  by v i r t u e  o f  i t s  inhomogeneity.  The p ressu re - ve loc i t y -  
g r a d i e n t  terms i n  equa t ion  (14)  drop o u t  o f  t h e  con t rac ted  equa t ion  (15) 
because o f  c o n t i n u i t y  (eq.  ( 9 ) ) .  Therefore,  t hey  c o n t r i b u t e  n o t h i n g  t o  t h e  
- 
r a t e  o f  change o f  t h e  t o t a l  energy u  u  /2, b u t  they  can d i s t r i b u t e  t h e  energy i i 
- 
energy among t h e  t h r e e  d i r e c t i o n a l  components u2 /2 (no  rum on 1 ) .  The l a s t  ( 1 )  
t e rm  i n  equat ions (14)  and (15)  i s  t h e  v iscous d i s s i p a t i o n  term, which d i s -  
s i p a t e s  t u rbu lence  by t h e  presence o f  f l u c t u a t i n g  v e l o c i t y  g r a d i e n t s .  
3. Two-point c o r r e l a t i o n  and s p e c t r a l  equat ions 
To cons ider  t h e  t r a n s f e r  o f  t u rbu lence  between eddy s i zes  o r  wave numbers 
( s p e c t r a l  t r a n s f e r ) ,  we must o b t a i n  two-po in t  c o r r e l a t i o n  equat ions.  Terms 
r e l a t e d  t o  t h a t  process do n o t  appear i n  t h e  s i n g l e - p o i n t  equat ions ( ( 14 )  and 
( 1 5 ) ) .  To o b t a i n  two-po in t  equat ions,  we use i n  a d d i t i o n  t o  equat ions ( 10 )  
and ( l l ) ,  w r i t t e n  a t  t h e  p o i n t  P, t h e  f o l l o w i n g  equat ions w r i t t e n  a t  t h e  
p o i n t  P : 
and 
1 a2pl  a'( up;) au; aul a' u;u; 
- - 
 - 
p ax; ax; ax; ax1  - 2 
a + 
a ax1  ax; ax; ax1  a a 
M u l t i p l y i n g  equa t ion  ( 10 )  by u '  and equa t ion  (16)  by ui, adding, t a k i n g  
averages.5 and us i ng  equa t ion  ( 7 6) and t h e  f a c t  t h a t  q u a n t i t i e s  a t  one p o i n t  
a r e  independent o f  t h e  p o s i t i o n  o f  t h e  o t h e r  p o i n t  r e s u l t  i n  
a - aUi 2 - a - I a- 
- u u l = - U U ' -  
a t  i j k j axk u U '  - - a U U U '  - ' iUk ax; < 'iUj - "k ax; i j axk i k j  
To s i m p l i f y  t h e  equat ions,  t h e  t u rbu lence  w i l l  be cons idered homogeneous 
( c o r r e l a t i o n s  independent o f  x,). (See Hinze (1975) o r  D e i s s l e r  (1961) 
- 
f o r  inhomogeneous equat ions. )  Then t h e  two-po in t  c o r r e l a t i o n s  (e.g., u  u ' )  
- w i l 1 , b e  f u n c t i o n s  o n l y  o f  ri xi - , , so t h a t  a/ax = -a/ari and 1 j a/axi = a/ari I n  a d d i t i o n ,  homo enei  y  r e q u i r e s  t h a j  aUl/axi be a  con- 
s t a n t ,  so t h a t  a u h x  = au /ax and u U = r aU /ax . 11f aUi/ax 
were a f u n c t i o n  o t  x j ,  we Zould n o t  rembv; a i l  x i  dependency f rom j 
eq. ( 1  8 ) .  ) Equat ion ( 1  8) becomes 
The equat ions f o r  t h e  p ressu re - ve loc i t y  c o r r e l a t i o n s  ob ta ined  from 
equat ions (11)  and (17 )  are,  f o r  homogeneous tu rbu lence ,  
2 -  
- 
- 
P ar, axk a r k  a r  k  
- 
a2 a  u  u 1  au a  2  uQukul 1 1 = 2  a;ik- 
p ar, ar Q a r k  ax, ar, ar k  
a. I n t e r p r e t a t i o n  o f  terms 
The terms on t h e  r i g h t  s i d e  o f  t h e  Poisson equat ions (eqs. ( 20 )  and (21 ) )  
a r e  source terms assoc ia ted  w i t h  t h e  mean v e l o c i t y  and w i t h  t r i p l e  c o r r e l a t i o n s  
a r i s i n g  f r om t h e  n o n l i n e a r  v e l o c i t y  terms i n  equat ions ( 11 )  and ( 1 7 ) .  The 
r i g h t  s i d e  o f  t h e  two-po in t  equa t ion  (eq. ( 1 9 ) )  con ta ins ,  as i n  t h e  case o f  t h e  
s i n g l e - p o i n t  equa t i on  (eq.  (14) ) ,  t u rbu lence  p roduc t i on ,  d i r e c t i o n a l  d i s t r i b u -  
t i o n  ( p r e s s u r e - v e l o c i t y ) ,  and v iscous terms. There a r e  no d i f f u s i o n  terms i n  
equa t ion  ( 19 )  s i nce  t h e  t u rbu lence  i s  homogeneous. The l a s t  two terms i n  t h a t  
equa t ion  a r e  new terms t h a t  do n o t  have coun te rpa r t s  i n  t h e  s i n g l e - p o i n t  equa- 
t i o n s .  To i n t e r p r e t  them, we conver t  equa t ion  ( 19 )  t o  s p e c t r a l  f o rm  by t a k i n g  
i t s  F o u r i e r  t rans fo rm.  Thus, d e f i n e  t h e  f o l l o w i n g  three-d imensional  F o u r i e r  
t rans fo rms:  
and 
- 
ax, 'Q a rk  
where 9 i j 9  "ij* T i j ,  and T  are,  r e s p e c t i v e l y ,  F o u r i e r  t rans fo rms o f  t h e  13 
g u a n t i t i e s  on t h e  l e f t  s ides  o f  t h q  d e f i n i n g  equat ions (eqs.  (22)  t o  ( 2 5 ) ) .  
K i s  a  wave-number vec to r ,  and d~  = d~  d~  d~  . Phys ica l  i n t e r p r e t a t i o n s  
o f  t h e  F o u r i e r  t rans fo rms d e f i n e d  by equat lo6s (22)  t o  (25)  f o l l o w .  







a t  'ij - - ( K )  - ~ Y K  ( P i j  * T i j  t T i j  'kj axk 'ik axk p ( 26 )  
+ 
If we l e t  r = 0 i n  equa t ion  ( 22 ) ,  we have 
so t h a t  we can i n t e r p r e t  as a  s p e c t r a l  component o f  u  u  . As i n  
equa t i on  (19) ,  terms on thei?ight s i d e  o f  equa t ion  (26)  can A e j i n t e r p r e t e d  as 
p roduc t i on ,  d i r e c t i o n a l  d i s t r i b u t i o n ,  and v iscous  d i s s i p a t i o n  terms. They 
c o n t r i b u t e  t o  t h e  r a t e  o f  change o f  a  s p e c t r a l  component o f  u  u  i 1  3 -  
To i n t e r p r e t  t h e  te rm T 1  i n  equa t ion  (26) ,  we l e t  : = 0 i n  1  S 
equa t j on  ( 2 4 ) .  Th i s  g ives  
- 
Thus, T I  g i ves  zero t o t a l  c o n t r i b u t i o n  t o  t h e  r a t e  o f  change o f  
uluj. j But  
i t  can d i s t r i b u t e ,  o r  t r a n s f e r  between wave numbers o r  eddy s izes ,  s p e c t r a l  
c o n t r i b u t i o n s  p t o  u ju j .  So T 1  which i s  p r o p o r t i o n a l  t o  aUk/axQ, i s  
i j i s  ' 
i n t e r p r e t e d  as a  mean-gradient s p e c t r a l  t r a n s f e r  t e rm  ( D e i s s l e r ,  1961).  The 
t e rm  -r (au u l / a r k )  auklax i n  equa t ion  ( 19 )  i s  t h e r e f o r e  t h e  F o u r i e r  t r a n s -  
a 1.l a 
f o rm  o f  a  meanlgrad ient  s p e c t r a l  t r a n s f e r  term. 
To i n t e r p r e t  t h e  l a s t  te rm i n  equa t ion  ( 26 ) ,  we use equa t ion  ( 25 ) ,  where 
we n o t e  t h a t  a / a r  = a/axl = -a/ax , t h a t  q u a n t i t i e s  a t  one p o i n t  a r e  inde-  k  pendent o f  t h e  pos!tion o f  t h e  otheb p o i n t ,  and t h a t  c o n t i n u i t y  (eq. ( 9 ) )  
ho lds .  Equat ion (25) becomes 
I f  we l e t  = 0, equa t ion  (29)  becomes 
s i n c e  we have assumed homogeneity o f  t h e  tu rbu lence .  Thus, as i n  t h e  case o f  
Tij* Tij c o n t r i b u t e s  n o t h l n g  t o  t h e  r a t e  o f  change o f  u  u  I t  can, how- i 3 '  
ever ,  t r a n s f e r  s p e c t r a l  components o f  u  u  f r om  one p a r t  o f  wave-number 
space t o  another .  So we i n t e r p r e t  T  'a2 a  s p e c t r a l  t r a n s f e r  t e rm  asso- 
c i a t e d  w i t h  t u rbu lence  s e l f - i n t e r a c t l b A  (as  opposed t o  i n t e r a c t i o n  between 
tu rbu lence and mean g rad ien ts ) .  The term - (a /a rk ) (u  u ' u '  - u  u  u ' )  i n  i j k  i k j  
equat ion (19)  i s  t h e r e f o r e  the  Four ie r  t rans form o f  a  s e l f - i n t e r a c t i o n  spec t ra l  
t r a n s f e r  term. Although t h e  tu rbu lence has been assumed t o  be homogeneous f o r  
i n t e r p r e t i n g  T  and TI a s t r a n s f e r t e r m s , i t h a s  been s h o w n t h a t s i m i l a r  i j 13 i n t e r p r e t a t i o n s  apply  when t h e  turbulence i s  inhomogeneous (De iss le r ,  1981 b) .6 
The t r a n s f e r  o f  tu rbu lence f rom one p a r t  o f  wave-number space t o  another,  
o r  f rom one eddy s i z e  t o  another, produces a  wide range o f  scales o f  mot ion i n  
most t u r b u l e n t  f lows as i l l u s t r a t e d  by the  numerical  so lu t i ons  i n  sec t ions  I V  
and V (e.g., f i g s .  2 (c ) ,  8, and 24). The s t a t e  o f  a f f a i r s  I s  n e a t l y  summarized 
i n  a  nonmathematical way by a  poem w r i t t e n  long be fore  equat ions (26),  (28),  
o r  (30) was known (Richardson, 1922): 
B i g  w h i r l s  have l i t t l e  w h i r l s ,  
Which feed on t h e i r  v e l o c i t y ;  
And l q t t l e  w h i r l s  have l esse r  w h i r l s ,  
And so on t o  v i s c o s i t y .  
4. V o r t i c i t y  and d i s s i p a t i o n  
For homogeneous turbulence one can o b t a i n  a  r e l a t i o n  between the  viscous 
d i s s i p a t i o n  term i n  equat ion (15) o r  (19)  ( i  =,j) and the  v o r t i c i t y  o r  swlr1,in 
t h e  turbulence.  The dimensionless v o r t i c i t y  w i s  de f ined  as the  c u r l  o f  u: 
where cijk i s  t h e  a l t e r n a t i n g  tensor. '  Then 
But, because 
6 ~ h e  f a c t  t h a t  terms r e l a t e d  t o  T  o r  TI do n o t  appear i n  t h e  one- 
p o i n t  eq. (14) f o r  inhomogeneous t u r b u l e i c e  ind iEdtes  t h a t  T and T I  do 13 1  j 
n o t  c o n t r i b u t e  t o  au u  / a t .  Thus, even f o r  inhomogeneous tu rbu lence they can 
on ly  t r a n s f e r  tu rbu lehcd f rom one p a r t  o f  wave-number space t o  another.  
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f o r  homogeneous t u rbu lence .  Equat ion ( 33 )  then  becomes 
Thus, f o r  homogeneous t u rbu lence  t h e  mean-square v o r t i c i t y  i s  j u s t  t h e  r a t e  o f  
v i scous  d i s s i p a t i o n  E o f  t u r b u l e n t  energy d i v i d e d  by t h e  k inemat ic  v i s c o s i t y  
(eq. ( 1 5 ) ) .  So t h e  more i n t e n s e  t h e  s w i r l  i n  t h e  tu rbu lence ,  t h e  f a s t e r  i t  
d i s s i p a t e s .  
From a  c l o s u r e  s t andpo in t  we a r e  somewhat b e t t e r  o f f  w i t h  t h e  two-po in t  
equat ions (eqs.  ( 19 )  t o  ( 2 1 ) )  than  we were w i t h  t h e  s i n g l e - p o i n t  equa t ion  
(eq. ( 1 4 ) ) ,  s i nce  we no longer  have t o  model terms l i k e  p au /ax and 3 1  (aui/axl(auj/axp). However, we s t i l l  have t o  eva lua te  t r i p l e - c o r r e l a t i o n  terms 
un less  t h e  t u rbu lence  i s  ve ry  weak o r  un less  t h e  i n t e r a c t i o n  between t h e  t u rbu -  
lence  and t h e  mean f l o w  i s  l a r g e  compared w i t h  t h e  t u rbu lence  s e l f - i n t e r a c t i o n .  
5. Remarks 
We s h a l l  n o t  d i scuss  here  t h e  many schemes t h a t  have been proposed f o r  
c l o s i n g  t h e  averaged equat ions cons idered I n  t h i s  sec t i on .  Ins tead ,  we w i l l  
a vo id  t h e  c l o s u r e  problem by o b t a i n i n g  numer ica l  s o l u t i o n s  o f  t h e  unaveraged 
equa t ions  (eqs.  ( 1 )  and ( 3 ) ) .  The impor tance o f  t h e  averaged equat ions i s  
enhanced by these numer ica l  s o l u t i o n s ;  by u s i n g  t h e  s o l u t i o n s  o f  t h e  unaveraged 
equat ions,  terms i n  t h e  averaged equat ions t h a t  r ep resen t  va r i ous  p h y s i c a l  
processes i n  t h e  t u rbu lence  can be c a l c u l a t e d .  Thus, t h e  averaged equat ions 
appear t o  be necessary, o r  a t  t h e  l e a s t  ve r y  convenient ,  f o r  t h e  p h y s i c a l  
i n t e r p r e t a t i o n  o f  t h e  numer ica l  r e s u l t s .  
111. NUMERICAL SOLUTIONS AND METHODS 
A. I n i t i a l  c o n d i t i o n s  
For most o f  t h e  numer ica l  s o l u t i o n s  cons idered here,  t h e  i n i t i a l  v e l o c i t y  
f l u c t u a t i o n  i s  assumed t o  be g i ven  by 
3  +n ; 
ui = C a; cos q  . 
Then, f r om  equa t ion  ( 4 )  
7rIjk = 0  when i, j, and k a r e  n o t  a l l  d i f f e r e n t .  When t h e  sub- 
s c r i p t s  a r e  a l l  d i f f e r e n t ,  ~ i j k  = +1 when they  a r e  i n  c y c l i c  o rde r  and -1 
when they  a r e  i n  a c y c l i c  o rder .  
The q u a n t i t y  a! i s  an i n i t i a l  v e l o c i t y  amp l i tude  o r  F o u r i e r  c o e f f i c i e n t  o f  
t h e  v e l o c i t y  f l u c t u a t i o n ,  q j n  i s  an i n i t i a l  wave-number vec to r ,  and U j  i s  
an i n i t i a l  mean-ve loc i t y  component. To s a t i s f y  t h e  c o n t i n u i t y  c o n d i t i o n s  
(eqs. ( 2 )  and ( 9 ) ) ,  we s e t  
For t h e  p resen t  work l e t  
1  2  
ai = k(2,  tl, I ) ,  a,, = k (1 ,  t 2 ,  I), a: = k (1 ,  +I, 2) 
where k  has t h e  dimensions o f  a  v e l o c i t y  and determines t h e  i n t e n s i t y  o f  t h e  
i n i t i a l  v e l o c i t y  f l u c t u a t i o n .  The q u a n t i t y  xo i s  t h e  l e n g t h  sca le  o f  t h e  
i n i t i a l  v e l o c i t y  f l u c t u a t i o n .  The q u a n t i t i e s  k and xo, t oge the r  w i t h  t h e  
k i nema t i c  v i s c o s i t y  u and equa t ion  (40)  then  determine t h e  i n i t i a l  Reynolds 
~ 1 / 2  
number uo x0/u, s i nce  t h e  square o f  equa t ion  ( 37 ) ,  averaged over  a  pe r i od ,  
- 
2  g i ves  uo. I n  a d d i t i o n  t o  s a t i s f y i n g  t h e  c o n t i n u i t y  equa t ion  (eq. ( 3 9 ) ) ,  
equa t ions  (37)  and (40)  g i v e  
a t  t h e  i n i t i a l  t ime.8 Thus, equat ions ( 37 )  o r  (38)  and (40 )  g i v e  a  p a r t i c u -  
l a r l y  s imp le  i n i t i a l  c o n d i t i o n  i n  t h a t  we need s p e c i f y  o n l y  one component o f  
t h e  mean-square v e l o c i t y  f l u c t u a t i o n .  Moreover, f o r  no mean shear t hey  g i v e  
an i s o t r o p i c  t u rbu lence  a t  l a t e r  t imes,  as w i l l  be seen. Note t h a t  i t  i s  nec- 
essary  t o  have a t  l e a s t  t h r e e  terms i n  t h e  summation i n  equa t ion  (37)  o r  (38) 
t o  s a t i s f y  equa t ion  ( 41 ) .  We do n o t  s p e c i f y  an i n i t i a l  c o n d i t i o n  f o r  t h e  p res -  
sure because i t  i s  determined by equa t ion  ( 3 )  and t h e  i n i t i a l  v e l o c i t i e s .  
B. Numerical  g r i d  and boundary c o n d i t i o n s  
To c a r r y  o u t  numer ica l  s o l u t i o n s  s u b j e c t  t o  t h e  i n i t i a l  c o n d i t i o n  g i ven  by 
equa t ions  (37)  o r  (38)  and (40 ) ,  we use a  s t a t i o n a r y  c u b i c a l  g r i d  w i t h  a  maxi- 
mum o f  3z3 p o i n t s  and w l t h  faces a t  x? = xi/xo = 0  and 2n. For boundary 
c o n d i t i o n s  we assume p e r i o d i c i t y  f o r  t h e  f l u c t u a t i n g  q u a n t i t i e s .  That i s ,  l e t  
and 
f o r  b* << 2 r ,  where b* - b  /x x*  = x  /x and j j - j o 9 j  3 0 '  3 i s  a  v a r i a b l e  l e n g t h .  
By us i ng  equat ions ( 4 )  and ( 5 )  these  become 
and 
I n  t h e  p resen t  work we assume a l s o  t h a t  P, g i v e n  by equa t ion  ( 13 ) ,  i s  
p e r i o d i c ,  so t h a t  
and equa t i on  (45)  becomes 
These equat ions a r e  used t o  c a l c u l a t e  numer ica l  d e r i v a t i v e s  a t  t h e  boundar ies 
o f  t h e  computat iona l  g r i d .  
C .  Numerical  s o l u t i o n s  
I n  c a r r y i n g  o u t  t h e  numer ica l  s o l u t i o n s ,  we have a  cho ice  o f  s o l v i n g  a  
s e t  o f  equat ions c o n t a i n i n g  u  , p, U , and P  (eqs.  (10) t o  ( 1 3 ) ) ,  o r  one 
c o n t a i n i n g  Gi and (eqs. ( 1 )  and 1 3 ) ) .  The l a t t e r  se t ,  which i s  much 
s imp le r ,  i s  g e n e r a l l y  used here.9 That  i s ,  we so l ve  equat ions ( 1 )  and ( 3 )  
s u b j e c t  t o  i n i t i a l  c o n d i t i o n  (38)  and boundary c o n d i t i o n s  (44)  and (47) .  
The s p a t i a l -  and t i m e - d i f f e r e n c i n g  schemes (which numer i ca l l y  conserve 
momentum and energy) a r e  e s s e n t i a l l y  those used by C la r k  e t  a l .  (1979).  For 
t h e  s p a t i a l  d e r i v a t i v e s  i n  equat ions ( 1 )  and ( 3 )  we use cen te red  f ou r t h -o rde r  
d i f f e r e n c e  express ions (e.g., McCormick and Salvadore,  1964). For ins tance ,  
t h e  f ou r t h -o rde r  d i f f e r e n c e  express ion  used f o r  aci/axk i s  
8 ~ h e  f i r s t  t h r e e  terms o f  eq. (41)  app l y  a t  a l l  t imes  when t h e r e  a r e  no 
mean g r a d i e n t s  i n  t h e  f l ow .  
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where Axk I s  t h e  g r i d - p o l n t  spacing, and t h e  s u b s c r i p t s  n, n  t 1, e t c .  
r e f e r  t o  g r l d  p o i n t s  i n  t h e  xk d i r e c t i o n .  Four th-order  d i f f e r e n c e  expres- 
s lons  a r e  o f t e n  cons idered more e f f i c i e n t  than  t h e  usual  second-order ones 
(Orszag and I s r a e l i ,  1974).  (Spec t ra l  methods dev ised by Orszag and assoc ia tes  
a r e  s t i l l  more e f f i c i e n t  b u t  may be somewhat t r i c k i e r  t o  use.) Centered 
express ions (same number o f  p o i n t s  on b o t h  s ides  o f  n, see p reced ing  expres- 
s i o n )  can be used b o t h  a t  i n t e r i o r  g r i d  p o l n t s  and a t  t h e  boundar ies o f  t h e  
g r i d ;  when n  r e f e r s  t o  a  p o i n t  on a  boundary, va lues f o r  o u t s i d e  o f  t h e  
g r i d ,  which a r e  r e q u i r e d  f o r  c a l c u l a t i n g  t h e  numer ica l  deriva!ives a t  t h e  
boundary, a r e  ob ta ined  f rom boundary c o n d i t i o n  (44) .  
For  t ime  d i f f e r e n c i n g  we use a  p r e d i c t o r - c o r r e c t o r  method w i t h  a  second- 
o rde r  ( l e a p f r o g )  p r e d i c t o r  and a  t h i r d - o r d e r  (Adams-Moulton) c o r r e c t o r  
(Ceschino and Kuntzman, 1966).  I f  m  represen ts  a  t ime  s tep,  and (R,) t h e  
r i g h t  s i d e  o f  equa t ion  ( I ) ,  - then  a t  each g r i d  p o i n t  i n  space t h e  second-8rder 
l e a p f r o g  p r e d i c t o r  f o r  u  a t  t ime  s tep  m  t 1  i s  i 
and t h e  t h i r d - o r d e r  Adams-Moulton c o r r e c t o r  i s  
where ~t I s  t h e  t ime  increment.  The q u a n t i t y  (R,) i n  t h e  p reced ing  
I 
m t l  
c o r r e c t o r  i s  c a l c u l a t e d  by us i ng  (i,) i n  t h e  r i g h t  s i d e  o f  equa t ion  ( I ) ,  
' m t l  
where (u,) " i s  c a l c u l a t e d  f r om t h e  l e a p f r o g  p r e d i c t o r .  Note t h a t  t h e  leap-  
f r o g  met~o ! *~so-ca l led  because i t  leaps over  t h e  t ime  s tep  m), a l though  unsta-  
b l e  f o r  a l l  A t  when used by i t s e l f  f o r  Navier-Stokes equat ions,  i s  s t a b l e  
when used as a  p r e d i c t o r .  
The Poisson equa t ion  f o r  t h e  p ressure  (eq. ( 3 ) )  i s  so lved d i r e c t l y  by a  
f a s t  F o u r i e r  t r ans fo rm  meihod. Th is  method o f  s o l u t i o n  was found t o  p reserve  
c o n t i n u i t y  q u i t e  w e l l  (V .U z 0) except  near t h e  ends o f  some o f  t h e  runs f o r  
no mean g r a d i e n t s ,  where t h e  s o l u t i o n s  began t o  d e t e r i o r a t e .  (Another  i n d i c a -  
t i o n  o f  i n c i p i e n t  s o l u t i o n  d e t e r i o r a t i o n  near  t h e  ends o f  some o f  t h e  runs f o r  
no mean g r a d i e n t s  was t h a t  equa t ion  (41)  was no l onge r  a c c u r a t e l y  ~ a t i s f i e d . ~ )  
9 ~ i v i d i n g  t h e  v e l o c i t i e s  and pressures i n t o  mean and f l u c t u a t i n g  com- 
ponents i s  e v i d e n t l y  n o t  advantageous f rom a  computational s tandpo in t  except,  
p o s s i b l y ,  i n  l i n e a r i z e d  cases. 
Two known types o f  numer ica l  i n s t a b i l i t i e s  can occur i n  t h e  p resen t  so lu -  
t i o n s :  a  v i scous  i n s t a b i l i t y  connected w i t h  t h e  f i r s t  and l a s t  terms i n  
equa t i on  ( I ) ,  which occurs i f  u h t / ( ~ x ~ ) ~  i s  t o o  l a rge ;  and a  convec t i ve  
i n s t a b i l i t y  connected w i t h  t h e  f i r s t  and second terms ( o r  t h e  f i r s t  and t h i r d  
terms th rough  eq. ( 3 ) ) ,  which occurs i f  u i  h t / ~ x k  i s  t o o  l a r g e .  I n  these 
c r i t e r i a  ~ t ,  hxk, and u i  a re ,  r e s p e c t i v e l y ,  a  t ime  s tep,  d i s t a n c e  s tep,  
and v e l o c i t y .  Thus, a  p a r t i c u l a r  s o l u t i o n  should  be n u m e r i c a l l y  s t a b l e  i f ,  f o r  
a  g i v e n  hxk, t h e  t i m e  s tep  i s  s u f f i c i e n t l y  sma l l .  Numerical  s t a b i l i t y  i s  
t y p i c a l l y  ob ta ined  when t h e  s o l u t i o n  v a r i e s  smoothly f r o m  t lme  s tep  t o  t ime  
s tep ,  w i t h  no s i g n i f i c a n t  breaks i n  t h e  s l ope  f r om one s tep  t o  t h e  nex t .  Th i s  
i s  t h e  case f o r  a l l  o f  t h e  r e s u l t s  g i ven  here.  
For t h e  p resen t  s o l u t i o n  ve ry  good tempora l  r e s o l u t i o n  i s  ob ta ined  auto-  
m a t i c a l l y  when ~t i s  s u f f i c i e n t l y  smal l  t o  g i v e  numer ica l  s t a b i l i t y .  That  
tempora l  r e s o l u t i o n  i s  much b e t t e r  than  t h e  three-d imensional  s p a t i a l  r eso lu -  
t i o n ,  which i s  more severe ly  l i m i t e d  by t h e  s to rage  and power o f  t h e  computer. 
However, as w i l l  be seen ( f i g .  19),  s u f f i c i e n t  s p a t i a l  r e s o l u t i o n  i s  ob ta ined  
t o  g i v e  reasonably  accura te  averaged r e s u l t s  f o r  t imes n o t  excess i ve l y  l a r g e .  
Some o f  t h e  averaged r e s u l t s  a r e  e x t r a p o l a t e d  t o  ze ro  s p a t i a l  mesh s i z e  i n  an 
e f f o r t  t o  o b t a i n  more accuracy.  The f ou r t h -o rde r  method o f  e x t r a p o l a t i o n  
( c o n s i s t e n t  w i t h  t h e  f ou r t h -o rde r  d i f f e r e n c i n g  used here )  i s  g i ven  i n  D e i s s l e r  
(1981a, 1 9 8 1 ~ ) .  
I V .  HOMOGENEOUS FLUCTUATIONS AND TURBULENCE, NO MEAN FLOW 
For t h i s  case (U = a  u  u  /ax = 0 ) ,  equa t ions  (10) and (11)  reduce t o  ( 1 )  
and (3 )  w i t h o u t  t h e  - I s  over i iks taktaneous quantities. We thus so l ve  
n u m e r i c a l l y  
and 
s u b j e c t  t o  i n i t i a l  c o n d i t i o n s  (37) and (40)  and boundary c o n d i t i o n s  (42)  and 
(43) .  I n  equa t ion  (40) f o r  t h e  c o e f f i c i e n t s  i n  t h e  i n i t i a l  c o n d i t i o n s ,  we 
choose t h e  f i r s t  s e t  o f  s igns .  
A .  Dimensionless f o rm  o f  equat ions 
For  c a r r y i n g  o u t  t h e  numer ica l  s o l u t i o n s  and p resen t i ng  t h e  r e s u l t s  i n  as 
genera l  and compact a  f o rm  as poss ib l e ,  we nondimensional ize equat ions (48) 
and (49)  as 
au; 2  a(ufu[) rleZ + a U; 
-I- - 






ax; ax; ax; ax[ 
where 
and xo i s  t h e  i n i t i a l  f l u c t u a t i o n  l eng th ,  which f i r s t  appeared i n  
equa t i on  ( 40 ) .  Note t h a t  a l l  o f  t h e  quan tq t i es  have been nondimensional ized 
by xo and t h e  k inemat ic  v i s c o s i t y  V.  
The i n i t i a l  and boundary c o n d i t i o n s  i n  equat ions (37) ,  ( 40 ) ,  ( 42 ) ,  and (43)  become i n  d imension less fo rm 
and 
n* u; = -C 
a i C O I  ;jn*.;* n= l  
where, i n  a d d i t i o n  t o  t h e  d imension less q u a n t i t i e s  de f i ned  above, 
n* X ai = - n* n 0 an q,, = xOqi. and k *  = -k. 
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Note t h a t  k *  has t h e  form o f  a  Reynolds number, where xo i s  t h e  l e n g t h  and 
k  I s  t h e  v e l o c i t y .  The i n i t i a l  Reynolds number appear ing i n  t h e  f i g u r e s  o f  
x0/v, where i s  an i n i t i a l  root-mean-square v e l o c i t y  
component, i s  ob ta ined  by choosing a va l ue  f o r  k *  i n  equat ions (40a)  and 
space averag ing  u$2 over a  pe r i od ,  by u s i n g  equa t ion  (37a) .  The va lue  o f  
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(uB2) =(ui) xO/" so ob ta ined  i s  a l s o  used i n  t h e  o rd i na tes  o f  f i g u r e s  1  
and 2, where u  / 17)1/2 u* = u*/F)1'2, and u* i s  c a l c u l a t e d  f rom 
equa t ions  ( 48a j  n8 (49a)  ( s i a  t?ng w i t h  i n i t i a l  va lues f rom eq. (37a) ) .  
B. Development o f  random f l u c t u a t i o n s  
F i gu re  1  shows t h e  c a l c u l a t e d  e v o l u t i o n  o f  v e l o c i t y  f l u c t u a t i o n s  (normal -  
i z e d  by t h e  i n i t i a l  root-mean-square v e l o c i t y )  a t  two f i x e d  p o i n t s  I n  space 
f o r  t h e  i n i t i a l  Reynolds number shown i n  t h e  f i g u r e  (no c o r r e c t i o n  f o r  d i s c r e -  
t i z a t i o n  e r r o r ) .  S ince t h e r e  I s  no i n p u t  o f  energy, t h e  f l u c t u a t i n g  mot ion  
e v e n t u a l l y  decays t o  a  s t a t e  o f  r e s t .  I n  s p i t e  o f  t h e  nonrandom i n i t i a l  con- 
d i t i o n  (eq.  (37)  o r  ( 37a ) ) ,  t h e  v e l o c i t y  f l u c t u a t i o n s  have t h e  appearance o f  
those  f o r  a  random tu rbu lence .  It i s  impo r tan t  t o  p o i n t  ou t  t h a t  t h e  f l u c t u a -  
t i o n s  a r e  n o t  due t o  numer ica l  i n s t a b i l i t y  s i n c e  a  l a r g e  number o f  t ime  s teps 
( t y p i c a l l y  about 20) l i e  between changes o f  s i g n  o f  d u i / d t .  I n  connec t ion  
w i t h  t h e  h i g h  Reynolds number i n  f i g u r e  1  i t  m igh t  be po in ted  o u t  t h a t  Betchov 
and Szewczyk (1978) ob ta ined  reasonable t u r b u l e n t - l i k e  numer ica l  r e s u l t s  even 
f o r  i n f i n i t e  Reynolds number f o r  t imes n o t  excess i ve l y  l a r g e  (see a l s o  
Schumann e t  a l . ,  1980). 
1.  Randomness as s e n s i t i v i t y  t o  i n i t i a l  c o n d i t i o n s  
The dashed curves o f  
ul/ ( u  ) a r e  f o r  i n i t i a l  c o n d i t i o n s  per tu rbed  
approx imate ly  0.1 percen t .  (The c o e f f i c i e n t s  a; and q; g i ven  by eq. (40)  
a r e  changed by 0.1 percen t  o f  t h e i r  va lues. )  The pe r t u rbed  curves f o l l o w  t h e  
unper turbed ones f o r  a  s h o r t  t ime  and t hen  depa r t  sharp ly .  Thus, a  ve ry  smal l  
p e r t u r b a t i o n  o f  i n i t i a l  c o n d i t i o n s  causes a  l a r g e  change i n  t h e  va lues o f  u i  ( excep t  near t = 0 ) .  On t h e  o t h e r  hand, t h e  root-mean-square values o f  t h e  
v e l o c i t i e s  ( s p a t i a l l y  averaged) decrease smoothly and a r e  una f f ec ted  by t h e  
p e r t u r b a t i o n  o f  t h e  i n i t i a l  c o n d i t i o n s .  A l l  o f  these f ea tu res  a re  cha rac te r -  
i s t i c  o f  tu rbu lence .  (The observed s e n s i t i v i t y  o f  t h e  ins tantaneous f l o w  t o  
smal l  changes i n  i n i t i a l  c o n d i t i o n s  may have un favorab le  i m p l i c a t i o n s  f o r  
d e t a i l e d  long- term weather p r e d i c t i o n s  (Lorenz,  1963) . )  
We n o t e  t h a t  t h e  s p a t i a l l y  averaged va lues i n  f i g u r e  1  f o l l o w  
- 
approx imate ly  t h e  decay law u2 - tmn, where n  - 2.5. Th is  l i e s  between t h e  
va lue  f o r  n  o f  3.3 observed f o r  t u rbu lence  downstream o f  a  w a t e r f a l l  ( L i n g  
and Saad, 1977),  and t h e  va lue  o f  1.2 g e n e r a l l y  observed f o r  t u rbu lence  gener- 
a ted  by f l o w  th rough  a  g r i d  i n  a  wind t u n n e l  (Ubero i ,  1963).  The decay law i s  
e v i d e n t l y  ve ry  much dependent on t h e  i n i t i a l  c o n d i t i o n  f o r  t h e  tu rbu lence .  
2. E f f e c t  o f  numer lca l  mesh s i z e  on randomness 
To g e t  an i dea  o f  t h e  e f f e c t  o f  mesh s i z e  i n  t h e  numer ica l  g r i d  on t h e  
apparent  randomness o f  t h e  v e l o c i t y  f l u c t u a t i o n s ,  va lues o f  
ul/ 
a t  t h e  cen te r  o f  t h e  g r i d  a r e  p l o t t e d  a g a i n s t  t* i n  f i g u r e  2 f o r  t h r e e  mesh 
s i zes .  A l l  t h r e e  o f  t h e  curves have a  random appearance. However, as t h e  
number o f  mesh p o i n t s  increases (as  t h e  mesh becomes f i n e r ) ,  sma l l e r  s ca le  
f l u c t u a t i o n s  a r e  r eso l ved  and t h e  randomness appears t o  be g r e a t e r .  Th is  
t r e n d  i n d i c a t e s  t h a t  t h e  observed randbrnness i s  n o t  due t o  t h e  use o f  t o o  
coarse a  g r i d .  
C .  F u r t h e r  ev idence f o r  randomness and i n d i c a t i o n s  o f  i s o t r o p i c  t u rbu lence  
For t u rbu lence  t h e  c o r r e l a t i o n  between v e l o c i t i e s  a t  two t imes 
ul(t)ul(tO) should  go t o  zero as t h e  sepa ra t i on  o f  t h e  t imes t and t o  
inc reases .  F i gu re  3  shows t h a t  t h l s  occurs f o r  t h e  p resen t  high-Reynolds- 
number c a l c u l a t i o n s .  For t r u e  t u rbu lence  t h e  c o r r e l a t i o n  should  p robab ly  
decrease smoothly w i t h  t ime.  Th i s  i s  n e a r l y  t h e  case f o r  t h e  l a r g e r  t o  ( f i g .  3 ( b ) ) .  ( t o  i s  t h e  t ime  i n  t h e  c o r r e l a t i o n  c o e f f i c i e n t  i n  f i g .  3  t h a t  
remains f i x e d  as t h e  o the r  ( v a r i a b l e )  t ime  t inc reases . )  A t  e a r l y  t imes 
t h e r e  i s  p robab ly  some nonrandom s t r u c t u r e  i n  t h e  t u rbu lence  caused by t h e  
nonrandom i n i t i a l  c o n d i t i o n s  ( f i g .  3 ( a ) ) .  
As a  f u r t h e r  i n d i c a t i o n  t h a t  t h e  high-Reynolds-number f l o w  breaks up 
i n t o  tu rbu lence ,  we c a l c u l a t e  t h e  e v o l u t i o n  o f  t h e  c ross  c o r r e l a t i o n  u1u2 
- - - - 
Al though  u: = uz = u i  a t  a l l  t imes,8 t h e  i n i t i a l  u1u2 g i ven  by equa t ions  
(37)  and (40) i s  n o t  zero.  However, f i g u r e  4  shows t h a t  because o f  t h e  
apparent  randomiza t ion  o f  t h e  f l o w  
uluZ goes t o  zero as t i m e  increases.  
The f l u c t u a t i o n s  i n  t h e  curve a t  e a r l y  t imes (as a l s o  i n  t h e  cu rve  o f  
f i g .  3 ( a ) )  a r e  p robab ly  caused by nonrandom s t r u c t u r e  i n  t h e  f l o w  a t  e a r l y  
t imes.  10  
- 
2 Figures  1  t o  4, t oge the r  w i t h  t h e  f a c t  t h a t  t h e  t h r e e  components u ( ~ ,  
a r e  equal ,  show t h a t  a t  l a t e r  t imes we appear t o  g e t  a  reasonable  approxima- 
t i o n  t o  i s o t r o p i c  tu rbu lence ,  a l though  t h e  i n i t i a l  c o n d i t i o n s  a r e  nonrandom. 
One o f  t h e  consequences o f  i s o t r o p y  i s  t h a t  t h e  c ross  co r re l a t i ons , say  u1u2, 
a r e  zero,  as i n  f i g u r e  4  a t  l a t e r  t imes.  These c a l c u l a t i o n s  d i f f e r  f r om  
o the rs  where t u rbu lence  was ob ta ined  by us i ng  random i n i t i a l  c o n d i t i o n s .  
Because t h e  i n i t i a l  c o n d i t i o n s  f o r  t h e  p resen t  c a l c u l a t i o n s  a r e  nonrandom, 
t h e  t u rbu lence  must a r i s e  as a  r e s u l t  o f  t h e  s t r u c t u r e  o f  t h e  Navier-Stokes 
equa t ions .  I n  p a r t i c u l a r  t h e  n o n l i n e a r  terms p l a y  a  c r u c i a l  r o l e .  I t  i s  easy 
t o  v e r i f y  t h a t  i f  n o n l i n e a r  terms a r e  neg lec ted  f o r  t h e  p resen t  case, 
equa t ions  (48) ,  (49 ) ,  (37) ,  and (40)  g i v e  
So i f  t h e  equat ions a r e  l i n e a r ,  t h e  f l o w  g i ven  by t h e  nonrandom i n i t i a l  
c o n d i t i o n  (37)  remains nonrandom. The n o n l i n e a r  terms must be p resen t  i n  
equa t ions  (48)  and (49)  i f  t h e  development o f  t u rbu lence  i s  t o  t ake  p lace .  
1 0 ~ 1 1  averaged va lues would be expected t o  va ry  smoothly o n l y  f o r  
h i g h l y  random f l u c t u a t i o n s .  
116 
Our c a l c u l a t i o n s  a t  lower  Reynolds numbers g i v e  r e s u l t s  t h a t  a r e  l e s s  l i k e  
t u rbu lence .  Thus, t h e  f l u c t u a t i o n s  develop apparent  randomness o n l y  a t  t h e  
h i ghe r  Reynolds numbers. 
Ca l cu l a ted  va lues o f  v e l o c i t y - d e r i v a t i v e  skewness f a c t o r  f o r  a  h i g h  
Reynolds number ( f i g .  5 )  a l s o  appear t o  be o f  reasonable  magnitude when com- 
pared w i t h  exper imenta l  values f o r  i s o t r o p i c  tu rbu lence .  Values o f  t h a t  quan- 
t i t y  o f  t h e  o rder  o f  0.4 have been ob ta ined  expe r imen ta l l y  and have l o n g  been 
cons idered an i n d i c a t i o n  o f  t r u e  moderate ly  s t r o n g  o r  s t r ong  i s o t r o p i c  t u rbu -  
lence .  The f a l l o f f  near  t h e  end o f  t h e  cu rve  may be due t o  a  more l am ina r  
f l o w  there ,  where f l u c t u a t i o n  l e v e l s  a r e  lower .  A l onger  p e r i o d  o f  agreement 
w i t h  exper imenta l  va lues i s  ob ta ined  by C la r k  e t  a l .  (1979),  appa ren t l y  because 
they  used t u r b u l e n t  i n i t i a l  c o n d i t i o n s ,  so t h a t  t h e  t u rbu lence  was a l r eady  
p a r t i a l l y  developed a t  t = 0. 
D. O r i g i n  o f  . t he  randomness ( s t r ange  behav io r )  
A ques t i on  remains as t o  how t h e  n o n l i n e a r  terms i n  equat ions ( 48 )  and 
(49)  produce t h e  randomness observed i n  f i g u r e s  1  t o  4. U n t i l  r e c e n t l y ,  I t  was 
g e n e r a l l y  assumed t h a t  randomness i n  a  t u r b u l e n t  f l o w  i s  due t o  randomness i n  
t h e  I n i t i a l  cond i t i ons ,  t o  random e x t e r n a l  f l u c t u a t i o n s ,  o r  t o  t h e  presence o f  
so many eddies o r  harmonic components ( o r  o f  so many degrees o f  freedom) t h a t  
t h e  i d e n t i t y  o f  t h e  i n d i v i d u a l  eddies i s  l o s t  (Monin, 1978; Rabinovich,  1978). 
I n  t h e  p resen t  r e s u l t s  t h e  f i r s t  o f  these  i s  absent.  Concerning t h e  second, 
r oundo f f  e r r o r s  m igh t  be cons idered a  f o rm  o f  e x t e r n a l  f l u c t u a t i o n s .  However, 
when t h e  c a l c u l a t i o n s  were repeated us i ng  double  p r e c i s i o n ,  so t h a t  r oundo f f  
e r r o r s  were reduced by a  f a c t o r  o f  about l o 6 ,  t h e  mean-square v e l o c i t i e s  were 
p r a c t i c a l l y  unchanged. The ins tantaneous v e l o c i t i e s  were d i f f e r e n t ,  a l t hough  
s t i l l  as random as be fo re .  Thus, t h e  e f f e c t  o f  a  l a r g e  decrease i n  r oundo f f  
e r r o r s  i s  s i m i l a r  t o  t h e  e f f e c t  o f  a  smal l  p e r t u r b a t i o n  o f  t h e  i n i t i a l  condi -  
t i o n s  ( f i g .  1 ) .  S ince roundo f f  e r r o r s  do n o t  a f f e c t  t h e  t u rbu lence  l e v e l  o r  
t h e  randomness, they  cannot be cons idered a  major  s u s t a f n i n g  cause o f  t h e  t u r -  
bu lence o r  randomness observed here, a l t hough  they  may i n  some cases a f f e c t  t h e  
i n i t i a l  t r a n s i t i o n .  I n  t h e  p resen t  case t h e  t r a n s i t i o n  i s  so r a p i d  t h a t  t h e  
e f f e c t  appears t o  be sma l l .  
Th i s  leaves o n l y  t h e  p r o l i f e r a t i o n  o f  edd ies o r  harmonic components as a  
source o f  apparent  randomness. That m igh t  w e l l  produce t h e  randomness observed 
i n  f i g u r e  1, s i nce  t h e  n o n l i n e a r  p roduc t i on  o f  harmonics tends t o  be exp los ive ,  
p a r t f c u l a r l y  a t  h i g h  Reynolds numbers (each harmonic component i n t e r a c t s  w i t h  
every  o t h e r  one) ( D e i s s l e r ,  1970a). However, t h e  randomness may be produced, 
a t  l e a s t  p a r t i a l l y ,  by s t range a t t r a c t o r s  o r ,  more p rope r l y ,  by analogous 
s t range  behav io r  (Eckmann, 1981; O t t ,  1981). (We t a l k  about analogous s t range  
behav io r  here,  r a t h e r  than  s t range  a t t r a c t o r s ,  s ince,  s t r i c t l y  speaking, 
s t range  a t t r a c t o r s  e x i s t  o n l y  f o r  s teady-s ta te  t u rbu lence  ( s e c t i o n  V I I - A ) .  
Here, analogous s t range  behav io r  r e f e r s  ma in l y  t o  apparent  randomness i n  f l ows  
where a  l a r g e  number o f  degrees o f  freedom o r  harmonic components a r e  n o t  a  
necessary i n g r e d i e n t  and randomness occurs by a  l o s s  o f  hydrodynamic s t a b l l -  
i t y . )  Lorenz (1963) and o the rs  (Monin, 1978; Rabinovich,  1978; Rue l le ,  1976; 
Lanford,  1982) have shown t h a t  a  system o f  n o n l i n e a r  o r d i n a r y  d i f f e r e n t i a l  
equa t ions  s i m i l a r  t o  t h e  s p a t i a l l y  d i f f e r e n c e d  f o rm  o f  t h e  Navier-Stokes equa- 
t i o n s  used here, o r  t o  t h e  s p e c t r a l  f o rm  o f  those  equat ions (Orszag, 1977b). 
can develop an appa ren t l y  random behav io r  i n  t i m e  as a  r e s u l t  o f  t h e  l o s s  o f  
s t a b i l i t y  o f  t h e  s ~ l u t i o n s . ~ l  I n  c o n j u n c t i o n  w i t h  t h i s ,  r eg i ons  appear i n  
t h e  phase space o f  t h e  system t o  which s o l u t i o n s  a re  a t t r a c t e d .  Randomness 
a r i s e s  i n  those reg ions,  which a r e  known as s t range  a t t r a c t o r s ,  f r om  a haphaz- 
a r d  movement o f  t h e  phase p o i n t  among t h e  neighborhoods o f  va r i ous  c r i t i c a l  
p o i n t s  i n  t h e  phase space ( s t e a d y - s t a t e  p o i n t s  o f  uns tab le  e q u i l i b r i u m  where 
a u i / a t  = 0). (The presence o f  c r i t i c a l  ( o r  f i x e d )  p o i n t s  i s  n o t  always con- 
s i de red  a necessary i n g r e d i e n t  o f  s t range  a t t r a c t o r s ,  b u t  randomness o r  sens i -  
t i v i t y  t o  i n i t i a l  c o n d i t i o n s  i s  e s s e n t i a l .  However, t h e  s p a t i a l l y  d i f f e r e n c e d  
and s p e c t r a l  forms o f  t h e  Navier-Stokes equat ions do appear t o  have c r i t i c a l  
p o i n t s ,  as do t h e  Lorenz equa t ions . )  U n l i k e  randomiza t ion  by p r o l i f e r a t i o n  o f  
harmonic components, randomizat ion by s t range  behav io r  can occur e i t h e r  w i t h  a  
few o r  w i t h  many degrees o f  freedom. I n  t h e  p resen t  case bo th  processes may be 
impo r tan t .  A t  any r a t e ,  as mentioned e a r l i e r ,  t h e  r e s u l t s  show t h a t  t h e  s t r u c -  
t u r e  o f  t h e  Navier-Stokes equat ions i s  such t h a t  appa ren t l y  random o r  t u r b u l e n t  
s o l u t i o n s  can a r i s e  f r om  nonrandom i n i t i a l  c o n d i t i o n s .  Wi th  t h e  r e s u l t s  f r om  
t h e  low-order  models, i n  which apparent  randomness appears w i t h  as few as t h r e e  
degrees o f  freedom (e.g. ,  i n  t h e  Lorenz equa t ions ) ,  t h e  t u rbu lence  observed t o  
be manufactured by t h e  Navier-Stokes equat lons should  perhaps n o t  come as a 
s u r p r i s e .  
The presence o f  s t range  behav ior  may be f o r t u n a t e  f r om  a numer ica l  stand- 
p o i n t  i n  t h a t  i t  should enable t u r b u l e n t  s o l u t i o n s  t h a t  a r e  q u a l i t a t i v e l y  co r -  
r e c t  ( a t  l e a s t  i n s o f a r  as they  appear random i n  t ime )  t o  be ob ta ined  w i t h  a  
r e l a t i v e l y  coarse g r i d .  The use o f  a  f i n e  three-d jmensional  g r i d ,  o f  course, 
r e q u i r e s  t h e  use o f  a l a r g e  amount o f  computer t ime.  
F i g u r e  6 shows a d imension less v e l o c i t y  component u l  p l o t t e d  a g a i n s t  
component u2 ( f o rm ing  a p lane  i n  phase space) f o r  one p o i n t  i n  p h y s i c a l  
space. A l though t h e  behav ior  here i s  much more compl icated than  t h a t  observed 
f o r  t h e  low-order  models t h a t  a r e  u s u a l l y  used t o  observe s t range  a t t r a c t o r s  
o r  s t range  behav io r  ( he re  t h e r e  a re  n o t  w e l l - d e f i n e d  o r b i t s  around f i x e d  c r i t -  
i c a l  p o i n t s ,  p o s s i b l y  because t h e r e  may be an a lmost  i n f i n i t e  number o f  c r i t i -  
c a l  p o i n t s ) ,  t h e r e  a r e  s i m ~ l a r i t i e s .  Both t h e  p resen t  t u r b u l e n t  r e s u l t s  and 
those  f o r  t h e  low-order  models show t r a j e c t o r i e s  c o n s i s t i n g  o f  loops and cusps, 
w i t h  f r e q u e n t  changes i n  t h e  s i g n  o f  t h e  c u r v a t u r e  o f  t h e  t r a j e c t o r y  (e.g., 
F rancesch in i ,  1983). (Note t h a t  t h e  p resen t  t u r b u l e n t  r e s u l t s  u l t i m a t e l y  
decay, whereas t h e  low-order  models u s u a l l y  do no t ,  s i nce  t hey  c o n t a i n  f o r c i n g  
terms.)  A l though t h e r e  a r e  l a r g e  changes i n  t h e  d i r e c t i o n  o f  t h e  t r a j e c t o r y ,  
p a r t i c u l a r l y  i n  t h e  reg ions  o f  t h e  cusps, t h e  d e n s i t y  o f  c a l c u l a t e d  p o i n t s  i n  
those  reg ions  i s  ve ry  h igh ,  so t h a t  t h e  numer ica l  r e s u l t s  should  be reasonably  
accura te .  Curves f o r  u i  versus t ( t h e  numer ica l  i n t e g r a t i o n s  a r e  w i t h  
r espec t  t o  t )  are ,  i n  f a c t ,  smooth. Note t h a t  u1 and u2 s t a r t  o u t  equal  
( on  a 45"  l i n e )  b u t  t h a t  t h e i r  e q u a l i t y  i s  q u i c k l y  des t royed  when randomness 
se t s  i n .  
~ e s u l t s  f r om  t h e  d i f f e r e n c e d  o r  s p e c t r a l  forms o f  t h e  Navier-Stokes 
equa t ions  become a r b i t r a r i l y  c l o s e  t o  those  f r om t h e  o r i g i n a l  equat ions as t h e  
number o f  g r i d  p o i n t s  o r  F o u r i e r  components inc reases  (assuming convergence o f  
t h e  numer ica l  method). T h e o r e t i c a l l y ,  t h e  Navier-Stokes equat ions correspond 
t o  an i n f i n i t e  number o f  o r d i n a r y  d i f f e r e n t i a l  equa t ions  o r  t o  an i n f i n i t e  
number o f  degrees o f  freedom. 
Randomization by s t range behav ior ,  o r  by a  l o s s  o f  hydrodynamic s t a b i l i t y ,  
a lmost  c e r t a i n l y  occurs i n  t h e  p resen t  h igh-o rder  t u r b u l e n t  r e s u l t s  ( h i g h  o rde r  
here  meaning many numer ica l  g r i d  p o i n t s  and thus many equat ions and degrees o f  
f reedom). Th i s  f o l l o w s ,  f i r s t ,  f r om  t h e  f a c t  t h a t  such randomness has been 
demonstrated t o  occur i n  low-order models ( f e w  equat ions and few degrees o f  
freedom), such as t h a t  o f  Lorenz (1963) o r  F rancesch in i  (1983),  and second, 
f r om  t h e  f a c t  t h a t  w i t h  t h e  many more degrees of freedom presen t  here  than  i n  
t h e  low-order models, many more c r i t i c a l  p o i n t s  e x i s t ,  and thus many more 
o p p o r t u n i t i e s  f o r  randomizat ion o r  l o s s  o f  s t a b i l i t y  occur .  O f  course, because 
o f  t h e  many degrees o f  freedom here,  t h e r e  w i l l  a l s o  be randomizat ion by p ro -  
l i f e r a t i o n  o f  harmonic components ( s o  many harmonic components o r  eddies pres-  
e n t  t h a t  t h e  i d e n t i t y  o f  t h e  i n d i v i d u a l  eddies i s  l o s t  and t h e  f l o w  appears 
random). The p resen t  l a r g e  number o f  degrees o f  freedom encourages bo th  types 
o f  randomness, and bo th  very  l i k e l y  occur.  
E. E v o l u t i o n  o f  mean a u a n t i t i e s  
I n  t h e  r e s u l t s  g i ven  so f a r ,  no c o r r e c t i o n  f o r  d i s c r e t i z a t i o n  e r r o r  due t o  
t h e  f i n i t e  numer ica l  mesh s i z e  was a p p l i e d .  The p r imary  purpose o f  t h e  p resen t  
work, o f  course, i s  t o  s tudy t h e  phys ics  o f  t u rbu lence  r a t h e r  than  t o  o b t a i n  
h i g h l y  accura te  r e s u l t s  ( p o s s i b l y  u n a t t a i n a b l e  a t  very  h i g h  Reynolds numbers). 
For low Reynolds numbers s u r p r i s i n g l y  good r e s u l t s  f o r  t h e  decay can be 
ob ta ined  even w i t h  coarse g r i d s  ( f i g .  7 ) .  A t  h i ghe r  Reynolds numbers t h e  
r e s u l t s ,  a l t hough  l ess  accurate ,  should s t i l l  be q u a l i t a t i v e l y  c o r r e c t .  T h e i r  
accuracy can be improved by a p p l y i n g  f ou r t h -o rde r  e x t r a p o l a t i o n s  t o  zero 
numer ica l  g r i d  spacing ( i n  cons is tency  w i t h  t h e  f ou r t h -o rde r  numer ica l  d i f f e r -  
enc ing  used i n  t h e  c a l c u l a t i o n s  ( D e i s s l e r ,  1981a)) .  Th is  i s  done i n  l i e u  o f  
subg r i d  model ing (making an assumption f o r  t h e  eddies sma l l e r  than t h e  numer- 
i c a l  g r i d  spac ing) ,  e.g., C la rk ,  e t  a l . ,  1979. The method i s  r e l a t e d  t o  sub- 
g r i d  model ing i n  t h a t  i t  assumes t h a t  t h e  subg r i d  eddies a r e  c l o s e l y  r e l a t e d  t o  
t h e  c a l c u l a t e d  eddies b u t  does n o t  r e q u i r e  t h e  i n t r o d u c t i o n  o f  a  subg r i d  eddy 
v i s c o s i t y  (wh ich  i s ,  i n  e f f e c t ,  a  k i n d  o f  c l o s u r e  assumption).  I n  a l l  o f  t h e  
rema in ing  r e s u l t s  i n  t h i s  s e c t i o n  t h e  f ou r t h -o rde r  d i s c r e t i z a t i o n  c o r r e c t i o n s  
a r e  a p p l i e d  by e x t r a p o l a t i n g  r e s u l t s  f o r  t h r e e  mesh s i zes  t o  zero mesh s i ze .  
However, t h e  c o r r e c t i o n s  a r e  n e g l i g i b l y  smal l  except  a t  t h e  h i ghes t  Reynolds 
number. 
1. Mean-square v e l o c i t y  f l u c t u a t i o n s  
F i gu re  8  shows t h e  c a l c u l a t e d  e v o l u t i o n  o f  mean-square v e l o c i t y  f l u c t u a -  
t i o n s  ( s p a t i a l l y  averaged) f o r  a  s e r i e s  o f  i n i t i a l  Reynolds numbers. As t h e  
Reynolds number increases ( V  and i n i t i a l  l e n g t h  sca le  xo h e l d  cons tan t ) ,  
- 
t h e  r a t e  o f  decay o f  u2 increases sharp ly ,  as i n  exper imenta l  t u r b u l e n t  f l ows  
( D e i s s l e r ,  1979).  Th i s  can be a t t r i b u t e d  t o  t h e  n o n l i n e a r  e x c i t a t i o n  o f  sma l l -  
s ca le  t u r b u l e n c e - l i k e  f l u c t u a t i o n s  a t  t h e  h i ghe r  Reynolds numbers. The h i g h  
shear s t resses  between t h e  smal l  eddies cause a  r a p i d  decay. 
2. M ic rosca les  and n o n l i n e a r  t r a n s f e r  o f  t u rbu lence  t o  sma l l e r  eddies 
The development o f  t h e  sma l l - sca le  eddies i s  seen more c l e a r l y  i n  
f i g u r e  9, where t h e  m i c rosca le  h,  normal ized by i t s  i n i t i a l  value, i s  p l o t t e d  
a g a i n s t  d imension less t ime.  The m ic rosca le  i s  d e f i n e d  by 
For homogeneous t u rbu lence  and U i  = 0, h can be c a l c u l a t e d  f r om 
equa t i on  ( 1  5) as 
As t h e  Reynolds number increases,  t h e  sma l l - sca le  s t r u c t u r e  becomes f i n e r .  The 
m ic rosca le  decreases u n t i l  t h e  f l u c t u a t i o n  l e v e l  ( i n e r t i a l  e f f e c t )  i s  l ow 
enough so t h a t  v iscous f o r ces  p reven t  a  f u r t h e r  decrease. A f t e r  h decreases 
t o  a  minimum, i t  begins t o  grow. (Resu l t s  f o r  coarser  g r i d s  were n o t  q u a l i t a -  
t i v e l y  d i f f e r e n t  f rom these, b u t  t h e  minimums were somewhat h igher . )  The 
i nc rease  o f  h a t  l a t e r  t imes i s  due t o  t h e  s e l e c t i v e  a n n i h i l a t i o n  o f  eddies 
by v i s c o s i t y ,  t h e  smal l  eddies be ing  t h e  f i r s t  t o  decay. Thus, a t  l a r g e  t imes 
o n l y  t h e  b i g  eddies remain. I t  i s  t h i s  p e r i o d  o f  i n c r e a s i n g  h t h a t  i s  gen- 
e r a l l y  observed expe r imen ta l l y  i n  g r id -genera ted  t u rbu lence  ( t u rbu lence  
observed downstream o f  a  g r i d  o f  w i r e s  o r  bars  whose p lane  i s  normal t o  t h e  
f l o w  i n  a  wind t u n n e l ) .  The increases o f  h w i t h  t i m e  observed expe r imen ta l l y  
(Ba t che lo r ,  1953, f i g .  7.2) a r e  g e n e r a l l y  o f  t h e  same o rde r  as those i n  
f i g u r e  9  ( d o u b l i n g  t h e  t ime  increases X by a  f a c t o r  o f  about 1 .5) .  The e a r l y  
pe r i od ,  i n  which h decreases w i t h  t ime,  i s  o f  i n t e r e s t  as i l l u s t r a t i v e  o f  
inter-wave-number energy t r a n s f e r .  To generate  t h e  sma l l - sca le  s t r u c t u r e ,  
t u r b u l e n t  energy must be t r a n s f e r r e d  f r om b i g  eddies t o  smal l  ones. 
For  homogeneous t u rbu lence  t h e  equa t i on  f o r  t h e  r a t e  of change of 
t u r b u l e n t  k i n e t i c  energy (eq. ( 1 5 ) )  reduces t o  
That  i s ,  o n l y  v i scous  d i s s i p a t i o n  c o n t r i b u t e s  t o  t h e  r a t e  o f  change o f  k i n e t i c  
energy, t h e r e  be ing  no i n d i c a t i o n  t h a t  n o n l i n e a r  t r a n s f e r  o f  energy between 
sca les  o f  mot ion  i s  t a k i n g  p lace .  There may seem t o  be a  paradox here  i n  v iew 
o f  t h e  l a r g e  t r a n s f e r  o f  energy t o  sma l l e r  eddies i n d i c a t e d  i n  f i g u r e  9. Th i s  
i s  as i t  should  be, however, s i nce  energy t r a n s f e r  between wave numbers o r  
sca les  o f  mot ion  should n o t  c o n t r i b u t e  t o  t h e  r a t e  o f  change o f  t o t a l  energy. 
To cons ide r  inter-wave-number energy t r a n s f e r ,  two-po in t  equat ions must be 
usedi Thus, equa t ion  (30)  shows t h a t  t h e  s e l f - i n t e r a c t i o n  t r a n s f e r  t e rm  
T l j ( r )  I n  t h e  two-po in t  s p e c t r a l  equa t ion  (eq. ( 26 ) )  has t h e  p r o p e r t y  t h a t  
+ 
as a  s p e c t r a l  t r a n s f e r  te rm shouJd. The q u a n t i t y  K i s  t h e  wave-number vec to r .  
The s p e c t r a l  t r a n s f e r  t e rm  T  ( K ) ,  o r  i t s  F o u r i e r  t r a n s f o r m  i j 
-a(u u l u l  - u  u  u l ) / a r k  i n  equa t ion  ( 19 ) ,  i s  r espons ib l e  f o r  t h e  gene ra t i on  o f  i l k  i k l  
t h e  sma l l - sca le  s t r u c t u r e  i n  f i g u r e  9. Those terms come f rom t h e  n o n l i n e a r  
t e rm  -a(u u  ) /axk i n  t h e  unaveraged equa t i on  ( 48 ) .  As mentioned e a r l i e r ,  t h e  i k  
t e rm  -a(uluk)/axk produces randomizat ion,  as w e l l  as s p e c t r a l  energy t r a n s f e r .  
A l though equa t ion  (30)  shows t h a t  T  can t r a n s f e r  energy between wave i j 
numbers w i t h o u t  c o n t r i b u t i n g  t o  t h e  r a t e  o f  change o f  t o t a l  energy au u  / a t ,  j 
i t  says n o t h i n g  about t h e  d i r e c t i o n  o f  t h e  t r a n s f e r  o r  how impo r tan t  i t  i s .  
For t h a t  we need c a l c u l a t i o n s  such as those i n  f i  u r e  9, which show t h a t  s i g -  
n i f i c a n t  energy i s  t r a n s f e r r e d  t o  s h a l l e r  eddles.q2 The energy t r a n s f e r  can 
be though t  o f  as due t o  a  breakup o f  b i g  eddies i n t o  sma l l e r  ones o r  as a  
s t r e t c h i n g  o f  v o r t e x  f i l a m e n t s  t o  sma l l e r  d iameters .  I n  s p i t e  o f  t h i s  t r a n s f e r  
t o  sma l l e r  eddies,  exper imenta l  r e s u l t s  g e n e r a l l y  show a  growth o f  s ca le  
(Ba t che lo r ,  1953, f i g .  7.2).  The reason i s  t h a t  those r e s u l t s  a r e  u s u a l l y  f o r  
t h e  l a t e r  p e r i o d  shown i n  f i g u r e  9, where, a l t hough  energy i s  t r a n s f e r r e d  t o  
sma l l e r  eddies,  t h e  a n n i h i l a t i o n  o f  sma l l  edd ies by v iscous a c t i o n  e v e n t u a l l y  
wins ou t .  The e a r l y  p e r i o d  shown i n  f i g u r e  9, and i n  f i g u r e  2  o f  Tay lo r  and 
Green (1937),  i s  o f  p a r t i c u l a r  i n t e r e s t  i n  t h a t  t h e  n o n l i n e a r  t r a n s f e r  e f f e c t s  
a r e  t r u l y  dominant t he re ;  a  sharp decrease i n  sca le  a c t u a l l y  occurs as energy 
i s  t r a n s f e r r e d  t o  sma l le r  eddies.  
3. D i s s i p a t i o n ,  v o r t i c i t y  generat ion,  and p ressure  f l u c t u a t i o n s  
The energy d i s s i p a t i o n  term, t h e  o n l y  t e rm  c o n t r i b u t i n g  t o  t h e  r a t e  o f  
change o f  k i n e t i c  energy f o r  homogeneous t u rbu lence  w i t h o u t  mean g rad ien t s  
(eq. ( 53 ) )  i s  p l o t t e d  i n  f i g u r e  10. That i s  a l s o  t h e  mean-square v o r t i c i t y  
(eq.  (36) ) ,  b u t  t h e  two a r e  d i s t i n c t  p h y s i c a l  e n t i t i e s .  A l though t h e  curve  f o r  
zero Reynolds number, where n o n l i n e a r  e f f e c t s  a r e  absent,  decreases monotoni- 
c a l l y  t o  zero, t h e  curves f o r  h i ghe r  Reynolds numbers inc rease  sha rp l y  f o r  a  
w h i l e  and then  decrease. Thus, t h e  n o n l i n e a r  terms i n  t h e  Navier-Stokes equa- 
t i o n s  a r e  ve ry  e f f e c t i v e  v o r t i c i t y  genera to rs  and g r e a t l y  enhance t h e  d i s s i p a -  
t i o n  a t  s h o r t  and moderate t imes.  For l o n g  t imes they  appear t o  have t h e  
oppos i t e  e f f e c t ,  e v i d e n t l y  because t h e  t u rbu lence  i t s e l f  decays r a p i d l y  t o  
zero.  Non l inear  e f f e c t s ,  a l though  they  do n o t  appear e x p l i c i t l y  i n  t h e  evo lu-  
t i o n  equa t ion  f o r  u  u  (eq. ( 5 3 ) ) ,  thus  a l t e r  g r e a t l y  t h e  e v o l u t i o n  by a l t e r -  i i 
i n g  t h e  d i s s i p a t i o n  term. 
1 2 ~  d i r e c t  numer ica l  c a l c u l a t i o n  o f  T i 1  by C la r k  e t  a l .  (1979) f o r  
random i n i t i a l  cond i t i ons ,  and corresponding t o  t h e  r e g i o n  o f  i n c r e a s i n g  X 
i n  f i g .  8, shows t h e  same t h i n g .  Ca l cu l a ted  va lues o f  T i 1  a r e  nega t i ve  a t  
smal l  wave numbers ( l a r g e  eddies) and p o s i t i v e  a t  l a r g e  wave numbers ( s m a l l  
edd ies) ,  so t h a t  energy i s  t r a n s f e r r e d  f r om b i g  eddies t o  sma l l e r  ones. 
F i g u r e  11 shows mean-square p ressure  f l u c t u a t i o n s  p l o t t e d  a g a i n s t  dimen- 
s i o n l e s s  t ime.  The enhancement o f  t h e  p ressure  f l u c t u a t i o n s ,  a l though  n o t  as 
g r e a t  as t h a t  o f  t h e  v o r t i c i t y  o r  d i s s i p a t i o n ,  aga in  i s  due t o  n o n l i n e a r  
e f f e c t s :  i n  t h i s  case t h e  n o n l i n e a r  terms on t h e  r i g h t  s i d e  o f  t h e  Poisson 
equa t i on  f o r  t h e  p ressure  cause t h e  e f f e c t .  
4. F u r t h e r  d i s c u s s i o n  and summary o f  t h e  Processes i n  i s o t r o p i c  t u rbu lence  
Non l i nea r  v e l o c i t y  and p ressure  terms do n o t  appear i n  t h e  e v o l u t i o n  
equa t i on  f o r  u  u  (eq.  ( 5 3 ) ) .  But we can c a l c u l a t e  root-mean-square va lues 
o f  t h e  non l i nea?  terms i n  t h e  ins tantaneous e v o l u t i o n  equa t ion  (eq. ( 4 8 ) ) .  as 
w e l l  as o f  t h e  l i n e a r  term. Three measures o f  t h e  r e l a t i v e  importance o f  
i n e r t i a l  ( n o n l i n e a r )  and v iscous e f f e c t s  a r e  shown f o r  a  moderate Reynolds 
number i n  f i g u r e  12. The r a t i o  o f  t h e  n o n l i n e a r  v e l o c i t y  t e rm  t o  t h e  v i scous  
t e rm  and t h e  r a t i o  o f  t h e  p ressure  t o  t h e  v iscous t e rm  i n  equa t ion  ( 48 ) ,  
t o g e t h e r  w i t h  t h e  m i c rosca le  Reynolds number, a r e  p l o t t e d  a g a i n s t  d imension less 
t ime.  The terms a r e  space-averaged root-mean-square va lues.  A l l  o f  those  
measures show a  v a r i a t i o n  f rom a  r a t h e r  i n e r t i a l  t o  a  weak f l u c t u a t i n g  f l o w .  
For i ns tance ,  Rh v a r i e s  f rom about 90 t o  0.7. Th is  i s  a  much g r e a t e r  va r -  
i a t i o n  than  has been ob ta ined  expe r imen ta l l y  f o r  a  s i n g l e  run .  The curves f o r  
t h e  t e rm  r a t i o s  l i e  somewhat below t h a t  f o r  Rh. They i n d i c a t e  t h a t  except  
a t  e a r l y  t imes  t h e  n o n l i n e a r  i n e r t i a l  e f f e c t s  assoc ia ted  w i t h  v e l o c i t y  and w i t h  
p ressure  do n o t  d i f f e r  g r e a t l y .  
The impor tance o f  bo th  n o n l i n e a r  v e l o c i t y  and p ressure  e f f e c t s  i n  
f i g u r e  12 i s  somewhat paradox ica l  i n  v iew o f  equa t ion  ( 53 ) ,  which says t h a t  
n e i t h e r  c o n t r i b u t e s  d i r e c t l y  t o  au ui/at. The n o n l i n e a r  v e l o c i t y  e f f e c t s  were 
a l r eady  d iscussed i n  t h i s  sec t i on ;  It was p o i n t e d  o u t  t h a t  such e f f e c t s  should  
n o t  appear i n  equa t ion  ( 53 ) ,  s i nce  they  o n l y  d i s t r i b u t e  energy i n  wave-number 
space and so do n o t  d i r e c t l y  a l t e r  t h e  t o t a l  energy. A l though t h e r e  i s  no 
n o n l i n e a r  v e l o c i t y  t e rm  i n  equa t ion  (53), such a  t e rm  appears i n  t h e  two-po in t  
- 
equat i on  f o r  auiu;/at. That equat ion,  f o r  t h e  p resen t  case, i s  ob ta ined  f rom 
equa t ion  ( 19 )  as 
where i s  aga in  t h e  vec to r  ex tend ing  f rom t h e  unprimed t o  t h e  pr imed p o i n t ,  
and t h e  p ressure  terms d rop  o u t  because o f  c o n t i n u i t y .  The l a s t  term, where 
t h e  parenthesis i n d i c a t e s  no sum on i, i s  a  consequence o f  t h e  i s o t r o p y  o f  t h e  
- 
turbu lence .  The equa t ion  f o r  t h e  r a t e  o f  change o f  each component o f  uiu; i s  
c o n t r i b u t e d  t o  by t h e  n o n l i n e a r  v e l o c i t y  t e rm  - ( a / a r k ) ( u  u ' u '  - u  u  u ' ) ,  b u t  i l k  i k i  
t h e r e  i s . n o  c o n t r i b u t i o n  f rom t h e  pressure.  The s t r o n g  e f f e c t  o f  p ressure  
shown i n  f i g u r e  12 must be con ta ined  i n  h i ghe r  o rde r  equa t ions  i n  t h e  h i e r a r c h y  
of averaged equa t ions  (moment equat ions)  ( D e i s s l e r ,  1958 and 1960). Thus, 
a l t hough  two-po in t  averaged equat ions c o n t a i n  a  n o n l i n e a r  e f f e c t  o f  v e l o c i t y ,  
we must cons ider  h l ghe r  o rde r  m u l t i p o i n t  equat ions t o  o b t a i n  an e f f e c t  o f  pres-  
sure.  Terms i n  t h e  unaveraged equat ions shown i n  f i g u r e  12 (averaged over  
space a f t e r  t h e  s o l u t i o n  has been ob ta ined)  i n c l u d e  e f f e c t s  o f  a l l  o rders .  
( E f f e c t s  con ta ined  i n  t h e  numer ica l  r e s u l t s  may, however, be l i m i t e d  by t h e  
f i neness  o f  t h e  numer ica l  g r i d . )  
A l though t h e r e  i s  a  s t r ong  e f f e c t  o f  p ressure  i n  f i g u r e  12, t h e  p h y s i c a l  
s i g n i f i c a n c e  o f  t h a t  e f f e c t  i s  somewhat e l u s i v e  i n  c o n t r a s t  t o  t h e  e f f e c t s  o f  
v i scous  d i s s i p a t i o n  and s p e c t r a l  energy t r a n s f e r .  I f  t h e  t u rbu lence  i s  an iso -  
t r o p i c ,  a  c l e a r  e f f e c t  o f  p ressure  f l u c t u a t i o n s  i s  t h a t  they  t r a n s f e r  n e t  
energy among d i r e c t i o n a l  components (eqs.  (14)  and (15)  and t h e  d i scuss ion  
f o l l o w i n g  those  equa t ions ) .  That i s  d iscussed i n  t h e  f o l l o w i n g  sec t i on .  I f ,  
i n  a d d i t i o n ,  t h e  t u rbu lence  i s  inhomogeneous, p ressure  can produce a  n e t  spa- 
t i a l  d i f f u s i o n  o f  energy (eq. ( 1 5 ) ) .  Those a r e  e v i d e n t l y  t h e  o n l y  p h y s i c a l  
e f f e c t s  o f  p ressure  f l u c t u a t i o n s  ( a t  l e a s t  t h a t  we know abou t ) .  Thus, i f  t h e  
t u rbu lence  i s  homogeneous and i s o t r o p i c ,  as i t  i s  here,  i t  seems reasonable  t o  
a t t r i b u t e  t h e  observed p ressure  e f f e c t s  i n  t h e  unaveraged equat ions t o  those  
processes. Even though t h e r e  i s  no net i n t e r d i r e c t i o n a l  t r a n s f e r  o r  s p a t i a l  
d i f f u s i o n  o f  t u rbu lence  when t h e  t u rbu lence  i s  i s o t r o p i c ,  those processes can 
s t i l l  be i ns tan taneous l y  o r  l o c a l l y  ope ra t i ve .  They cou ld ,  f o r  i ns tance ,  cause 
a  d i f f u s i o n  o f  tagged p a r t i c l e s .  Accord ing t o  f i g u r e  12, they  have a  s i g n i f i -  
can t  i n d i r e c t  e f f e c t  on t h e  e v o l u t i o n  o f  t h e  tu rbu lence .  
From t h e  f i n d i n g s  o f  t h e  p resen t  s e c t i o n  we conclude t h a t  t h e  f o l l o w i n g  
processes occur i n  i s o t r o p i c  t u rbu lence :  n o n l i n e a r  randomizat ion by p r o l i f e r -  
a t i o n  o f  harmonic components o r  by s t range  behav io r ,  n o n l i n e a r  s p e c t r a l  t r ans -  
f e r  o f  t u rbu lence  among wave numbers o r  eddy s i zes  (ma in l y  t o  sma l le r  edd ies ) ,  
s p a t i a l  d i f f u s i o n  and t r a n s f e r  o f  t u rbu lence  among d i r e c t i o n a l  components by 
p ressure  f o r ces  ( w i t h  zero net d i f f u s i o n  and t r a n s f e r  i n t o  each component), 
gene ra t i on  o f  v o r t i c i t y  o r  s w i r l ,  and d i s s i p a t i o n  o f  t u rbu lence  i n t o  hea t  by 
v i scous  ac t i on .13  From t h i s  d e s c r i p t i o n  t h e  l i f e  o f  i s o t r o p i c  t u rbu lence  
appears i n t e r e s t i n g  and i nc l udes  many aspects .  
V .  UNIFORMLY SHEARED FLUCTUATIONS AND TURBULENCE 
I n  t h e  p reced ing  s e c t i o n  t h e  e v o l u t i o n  o f  nonrandom i n i t i a l  f l u c t u a t i o n s  
i n t o  i s o t r o p i c  t u rbu lence  was examined numer i ca l l y .  The n o n l i n e a r  t r a n s f e r  o f  
energy t o  sma l l e r  sca les o f  mot ion,  t h e  zero n e t  ( b u t  n o t  zero) s p a t i a l  d i f f u -  
s i o n  and t r a n s f e r  o f  energy among d i r e c t i o n a l  components, t h e  genera t ion  o f  
v o r t i c i t y  o r  s w i r l ,  and v iscous d i s s i p a t i o n  were s tud ied .  
Another impo r tan t  process i s  t h e  p r o d u c t i o n  o f  t u rbu lence  by a  mean shear. 
Most t u r b u l e n t  f l ows ,  bo th  those o c c u r r i n g  i n  n a t u r e  and those which a r e  man- 
made, a r e  i n  f a c t  shear f l ows ,  where t h e  t u rbu lence  i s  produced and ma in ta ined  
by t h e  shear.  Because o f  t h e  added complex i t y  t h e  n o n l i n e a r  problem o f  t u rbu -  
l e n t  shear f l o w  i s  even more d i f f i c u l t  than  t h a t  o f  i s o t r o p i c  tu rbu lence .  So 
i t  i s  n o t  s u r p r i s i n g  t h a t  l i t t l e  progress has been made i n  o b t a i n i n g  an ana- 
l y t i c a l  s o l u t i o n  f rom f i r s t  p r i n c i p l e s .  An a t t emp t  t o  o b t a i n  a  numer ica l  
s o l u t i o n  would seem t o  be i n  o rde r .  
Conceptua l ly ,  t h e  s imp' lest  t u r b u l e n t  shear f l o w ,  a l though  c e r t a i n l y  n o t  
t h e  s imp les t  t o  produce expe r imen ta l l y  (Champagne, e t  a l . ,  1970), i s  one i n  
which t h e  t u rbu lence  i s  u n i f o r m l y  sheared. A t  l e a s t  two s i g n i f i c a n t  numer ica l  
s t u d i e s  o f  t h a t  t y p e  o f  t u rbu lence  have r e c e n t l y  been made (Roga l lo ,  1981; 
1 3 ~ c c o r d i n g  t o  eq. ( 36 ) ,  t h e  v o r t i c i t y  and t h e  d i s s i p a t i o n  a r e  
n u m e r i c a l l y  t h e  same, b u t  they  a r e  p h y s i c a l l y  d i s t i n c t .  
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Shaanan, e t  a l . ,  1975). I n  b o t h  o f  those s tud ies  random i n i t i a l  c o n d i t i o n s  
w i t h  a  range o f  eddy s i zes  were used. 
I n  t h e  s p i r i t  o f  t h e  p reced ing  s e c t i o n  t h e  p resen t  numer ica l  s tudy o f  
u n i f o r m l y  sheared t u rbu lence  s t a r t s  w i t h  s imp le  de te rmina te  i n i t i a l  c o n d i t i o n s  
t h a t  possess a  s i n g l e  l e n g t h  sca le .  As i n  t h e  p reced ing  sec t i on ,  we can i n  
t h i s  way s tudy how t h e  tu rbu lence  develops from non tu rbu len t  i n i t i a l  condi -  
t i o n s .  Again, much h i ghe r  Reynolds number f l ows  can be c a l c u l a t e d  w i t h  a  g i v e n  
numer ica l  g r i d  when a  s i n g l e  l e n g t h  sca le  i s  i n i t i a l l y  p resen t ,  a t  l e a s t  f o r  
s h o r t  and moderate t imes.  
Severa l  i n t e r e s t i n g  r e s u l t s  t h a t  cou ld  n o t  be ob ta ined  i n  t h e  p rev ious  
work on t u r b u l e n t  shear f l o w  a r e  ob ta ined  here.  One o f  t h e  s i g n i f i c a n t  f i n d -  
i n g s  i s  t h a t  t h e  s t r u c t u r e  o f  t h e  t u rbu lence  produced i n  t h e  presence o f  a  
s t r o n g  shear i s  much f i n e r  than  t h a t  produced i n  i t s  absence. 
A .  I n i t i a l  and boundary c o n d i t i o n s  
I n  c a r r y i n g  o u t  numer ica l  s o l u t i o n s  f o r  u n i f o r m l y  sheared t u rbu lence  t h e  
ins tan taneous  equat ions ( 1 )  and ( 3 ) ,  s u b j e c t  t o  i n i t i a l  c o n d i t i o n  ( 38 )  and 
boundary c o n d i t i o n s  (44)  and (47) a r e  used. S ince  we a r e  cons ide r i ng  a  
u n i f o r m  shear, we l e t  
i n  t h e  i n i t i a l  c o n d i t i o n  (38)  and 
i n  boundary c o n d i t i o n  ( 44 ) .  For t h e  c o e f f i c i e n t s  i n  equa t ion  (38)  we use 
equa t i on  (40) ,  where we choose t h e  f i r s t  s e t  o f  s igns .  Equat ions ( 1 )  and ( 3 )  
a r e  w r i t t e n  i n  terms o f  t h e  t o t a l  v e l o c i t y  ci, b u t  we can c a l c u l a t e  t h e  
f l u c t u a t i n g  component ui f r om  equa t ion  ( 4 ) .  It should  be emphasized t h a t  we 
cons ider  here  n o t  a  sawtooth t ype  o f  mean v e l o c i t y  p r o f i l e ,  b u t  a  cont inuous 
p r o f i l e  i n  which t h e  mean-ve loc i ty  g r a d i e n t  i s  u n i f o r m  a t  a l l  p o i n t s .  Even 
w i t h  a  u n i f o r m  mean v e l o c i t y  g r a d i e n t ,  some l o c a l  inhomogeneity i s  i n t r oduced  
i n t o  t h e  f l u c t u a t i o n s  by t h e  p e r i o d i c  boundary c o n d i t i o n s .  We w i l l  n o t  concern 
ourse lves  w i t h  t h a t  inhomogeneity,  however, s i n c e  we can s t i l l  c a l c u l a t e  prod-  
u c t s  of v e l o c i t i e s  and pressures averaged over  a  three-d imensional  p e r i o d .  
Those va lues a r e  independent o f  t h e  p o s i t i o n  o f  t h e  boundar ies of t h e  c y c l e .  
Note t h a t  f o r  cons tan t  u n i f o r m  mean-ve loc i ty  g r a d i e n t  and mean p ressure  t h e  
l a s t  terms i n  equa t ions  (10)  and (11)  a r e  zero even though t h e  f l u c t u a t i o n s  may 
be inhomogeneous (eqs. (12)  and ( 1 3 ) ) .  
The u2 component o f  t h e  v e l o c i t y  f l u c t u a t i o n  ( i n  t h e  d i r e c t i o n  o f  t h e  
mean-ve loc i ty  g r a d i e n t )  i s  c r u c i a l  i n  m a i n t a i n i n g  t h e  t u rbu lence  a g a i n s t  t h e  
d i s s i p a t i o n  ( D e i s s l e r ,  1970b and 1972).  Therefore,  when f o r  b r e v i t y  o n l y  one 
component o f  t h e  v e l o c i t y  f l u c t u a t i o n  i s  discussed, t h a t  component i s  chosen 
as u2. More w i l l  be s a i d  about t h e  maintenance o f  t h e  t u rbu lence  l a t e r .  
B. Development o f  random f l u c t u a t i o n s  
(T)1/2 a t  a  f i x e d  p o i n t  I n  space f o r  F i gu re  13  shows t h e  e v o l u t i o n  o f  u2/ uo 
a  h i g h  Reynolds number, as c a l c u l a t e d  f r om t h e  f u l l  n o n l i n e a r  equat ions.  As  
i n  t h e  p reced ing  s e c t i o n  a s t e r i s k s  on q u a n t i t i e s  i n d i c a t e  t h a t  they  have been 
nondimensional ized by us i ng  t ) e  i n i t i a l  l e n g t h  sca le  xo and the2k inemat ic  
v i s c o s i t y  V .  Thus t* = ( v / x 0 ) t ,  x* = x  /x and (dUl/dx2)* = (x0/v)dUl/dx2. i i 0'  
Again t h e  v e l o c i t y  f l u c t u a t i o n s  have t h e  appearance o f  those  f o r  a  random 
tu rbu lence  i n  s p i t e  o f  t h e  nonrandom i n i t i a l  c o n d i t i o n  (eq. ( 3 7 ) ) .  The dashed (1y2 
curves f o r  u2/ uo a r e  aga in  f o r  i n i t i a l  c o n d i t i o n s  per tu rbed  approx imate ly  
0.1 percen t .  The per tu rbed  curves a t  f i r s t  f o l l o w  t h e  unper turbed ones b u t  
e v e n t u a l l y  depa r t  sharp ly .  A l though t h e  t h e  curves i n  f i g u r e s  13(a)  and (b )  
d i f f e r  cons ide rab l y  i n  appearance, t h e  pe r t u rbed  curves i n  t h e  two f i g u r e s  
t a k e  about t h e  same l e n g t h  o f  t ime  t o  break away f r om t h e  unper turbed ones. A 
very  smal l  p e r t u r b a t i o n  o f  i n i t i a l  c o n d i t i o n s  causes a  l a r g e  change i n  t h e  
va lues o f  u2 except  a t  smal l  t imes .  On t h e  o t h e r  hand, t h e  root-mean-square 
va lues o f  t h e  v e l o c i t i e s  change smoothly w i t h  t i m e  and a r e  una f f ec ted  by t h e  
p e r t u r b a t i o n  o f  t h e  i n i t i a l  c o n d i t i o n s .  These f ea tu res  a r e  c h a r a c t e r i s t i c  o f  
t u rbu lence .  (A l though  t h e  root-mean-square curve i n  f i g .  13 (a )  appears a lmost  
h o r i z o n t a l ,  i t  e v e n t u a l l y  goes smoothly t o  zero when extended.)  
C.  Shear- re la ted sma l l - sca le  s t r u c t u r e  
A s t r i k i n g  f e a t u r e  o f  t h e  curves f o r  i n  f i g u r e  13 i s  t h e  
smal l  s ca le  s t r u c t u r e  e x h i b i t e d  f o r  sheared ( f i g .  1 3 ( b ) )  when 
compared w i t h  t h e  s t r u c t u r e  f o r  no shear ( f i g .  1 3 ( a ) ) .  Th i s  shea r - r e l a ted  
sma l l - sca le  s t r u c t u r e  i s  produced by t h e  t e rm  -Uk au i /axk i n  equa t ion  (10)  
which, f o r  u n i f o r m  shear, i s  - (dUl /dx2)x2 a u i / a x l .  Equat ion (10)  becomes, f o r  
a  cons tan t  u n i f o r m  mean-ve loc i ty  g r a d i e n t  and a  u n i f o r m  mean pressure,  
aLui 
- -  
dU1 
-u - dU1 -X - - a - ( u u ) -  1% + v  a t  - -" 11 dx2 2  dx2 2  ax, axk i k p axi axk axk (57)  
where equa t ion  (12)  i s  used. Note t h a t  equa t ion  ( 57 )  i s  ob ta ined  w i t h o u t  t h e  
assumption o f  homogeneity. From t h e  t e rm  - (dUl /dx2)x2 a u i / a x l  i n  
equa t ion  ( 5 7 ) ,  we g e t  t h e  t e rm  
i n  t h e  two-po in t  c o r r e l a t i o n  equa t ion  (19) .  For  p e r i o d i c  boundary c o n d i t i o n s  
XI dependency i s  n o t  p resen t  i n  equat ions ( 19 )  and (58 )  because averages 
a r e  taken  over  a  three-d imensional  p e r i o d  w i t h  r i  h e l d  cons tan t .  Th i s  i s  
so even though t h e  p e r i o d i c  boundary c o n d i t i o n s  may i n t r o d u c e  some l o c a l  inho-  
mogenei t ies .  I f  we t a k e  t h e  F o u r i e r  t r a n s f o r m  o f  t h a t  term, we o b t a i n  t h e  
mean-gradient t r a n s f e r  t e rm  T 1  i n  t h e  s p e c t r a l  equa t ion  ( 2 6 ) .  I t s  e f f e c t  i n  
t r a n s f e r r i n g  energy t o  sma l l - szd le  components i s  s i m i l a r  t o  t h a t  o f  t h e  non- 
l i n e a r  t r a n s f e r  t e rm  T  i n  equa t ion  ( 26 )  ( t h e  F o u r i e r  t r ans fo rm  o f  t h e  
13 
t r i p l e  c o r r e l a t i o n  t e rm  i n  eq. ( 1 9 ) ) .  The p r o d u c t i o n  o f  sma l l - sca le  s t r u c t u r e  
by t h e  shear m igh t  be though t  o f  as due t o  s t r e t c h i n g  o f  t h e  random v o r t e x  
l i n e s  i n  t h e  t u rbu lence  by t h e  mean g r a d i e n t  o r  t o  s t r e t c h i n g  o f  mean v o r t e x  
l i n e s  by t h e  t u rbu lence .  
A l though we f i r s t  d iscussed a  mean-gradient t r a n s f e r  t e rm  more than  two 
decades ago ( D e i s s l e r ,  1961), t h e  p resen t  r e s u l t s  g i v e  t h e  f i r s t  g raph ic  
demons t ra t ion  o f  t h e  e f f e c t i v e n e s s  o f  t h a t  t e rm  i n  p roduc ing  a  sma l l - sca le  
s t r u c t u r e  i n  tu rbu lence .  S ince t h a t  i s  a  l i n e a r  e f f e c t  (when t h e  mean gra-  
d i e n t  i s  g i ven ) ,  we can s tudy i t  e i t h e r  by t h e  f u l l  n o n l i n e a r  s o l u t i o n s  
a l r eady  cons idered i n  f i g u r e  13 (wh ich  c o n t a i n  l i n e a r  as w e l l  as n o n l i n e a r  
e f f e c t s )  o r  by l i n e a r i z e d  s o l u t i o n s .  
Equat ion ( 11 )  becomes, f o r  u n i f o r m  shear and u n i f o r m  mean pressure,  
2  
a2p - - a (U~UQ, )  - 2  -- au2 aul 
ax, ax a axk ax a ax, ax 2  
where equa t ion  ( 13 )  i s  used. As i n  t h e  case o f  equa t ion  (57) ,  equa t ion  ( 59 )  
i s  ob ta ined  w i t h o u t  t h e  assumption o f  homogeneity. 
D. Some l i n e a r i z e d  s o l u t i o n s  and comparison w i t h  n o n l i n e a r  s o l u t i o n s  
Equat ions ( 57 )  and (59)  a r e  l i n e a r i z e d  by n e g l e c t i n g  t h e  terms 
-a (u l uk ) / axk  and -a2(ukua)/axkaxa. The numer ica l  s o l u t i o n ,  w i t h  i n 1  t i a l  and 
( p e r i o d i c )  boundary c o n d i t i o n s  g i ven  by equa t ions  ( 37 ) ,  ( 4 0 ) ,  ( 42 ) ,  and (43) .  
then  proceeds as i n  t h e  n o n l i n e a r  case. 
We can o b t a i n  an a n a l y t i c a l  s o l u t i o n  f o r  unbounded l i n e a r i z e d  f l u c t u a t i o n s  
by u s i n g  unbounded three-d imensional  F o u r i e r  t rans fo rms ( D e i s s l e r ,  1961). The 
s o l u t i o n  does n o t  s a t i s f y  cons tan t  p e r i o d i c  boundary c o n d i t i o n s .  I ns tead  o f  
work ing  w i t h  t h e  averaged equat ions ( D e i s s l e r ,  1961), i t  i s  i n s t r u c t i v e  t o  work 
w i t h  t h e  unaveraged ones and use t h e  i n i t i a l  c o n d i t i o n  g i ven  by equa t ion  (37) .  
I n  t h i s  case t h e  F o u r i e r  t rans fo rms must be gene ra l i zed  f u n c t i o n s  ( a  s e r i e s  o f  
d e l t a  f u n c t i o n s ) ,  b u t  t h e  method o f  s o l u t i o n  i s  t h e  same as t h a t  i n  t h e  e a r l i e r  
work. Equat ion ( 57 )  f o r  u2 and equa t i on  ( 5 9 ) ,  when l i n e a r i z e d ,  a r e  inde-  
pendent o f  u l  and u3. The s o l u t i o n  ob ta ined  by us i ng  t h e  i n i t i a l  
c o n d i t i o n  (37)  i s  
p  =C pn s i n  
- aqltx2 ) 
where 
n n n  
2  
n  -2paa2ql q  P = - aq,q2t n n  t 5 1 a  2 n 2 2 ) ]  ql t 
2  n2 if (qn2 - 2aq;q;t t a  q1 t 
n  
2  2  2  
a  = dUl/dx qn = q1 t q; t q: , and t h e  a; and qy a r e  g i ven  i n  t h e  2  ' 
i n i t i a l  c o n d i t i o n s  (eqs.  (37)  and ( 4 0 ) )  ( w i t h  t h e  f i r s t  s e t  o f  s i g n s ) .  Mean 
va lues a r e  ob ta ined  by i n t e g r a t i n g  over  a l l  space. For ins tance ,  
I t  i s  c l e a r  f rom t h e  form o f  equat ions (60)  and (61)  t h a t  t h e  s o l u t i o n  
does n o t  s a t i s f y  cons tan t  p e r i o d i c  boundary c o n d i t i o n s .  By o m i t t i n g  t h e  t e rm  
-(dU1/dx2)x2aui/axl as w e l l  as t h e  n o n l i n e a r  terms i n  equat ions (57)  and (59) ,  
we can, however, o b t a i n  a  s imple a n a l y t i c a l  pseudo s o l u t i o n  t h a t  s a t i s f i e s  
those  c o n d i t i o n s :  
3  
n  n  
2paq1 a2 exp I.t h a -  - s i n  .; (66)  
n= l  
Th i s  s o l u t i o n  i s  u s e f u l  f o r  check ing t h e  numer ica l  c a l c u l a t i o n s  and f o r  s tudy-  
i n g  t h e  e f f e c t  of t h e  t e rm  (dUl/dx2)x2au2/axl on t h e  f l u c t u a t i o n s .  
V e l o c i t y  f l u c t u a t i o n s  ob ta ined  f rom l i n e a r i z e d  s o l u t i o n s  (numer ica l  and 
a n a l y t i c a l )  were p l o t t e d  ( f i g .  14 ) .  The presence o f  sma l l - sca le  s t r u c t u r e  i n  
t h e  curves f o r  (dU l /dx2) *  = 4434 and i t s  absence i n  those f o r  
(dUl/dx2)* = 0  a r e  apparent.  The curve  f o r  no shear (eq.  ( 50 ) )  decays 
mono ton i ca l l y  t o  zero when extended. Th i s  i s  i n  c o n t r a s t  t o  t h e  n o n l i n e a r  case 
i n  f i g u r e  13 (a )  f o r  no shear, where a t  l e a s t  l a r g e r  f l u c t u a t i o n s  a re  p resen t .  
The l i n e a r i z e d  curves f o r  (dUl/dx2)* = 4434 i n  f i g u r e  14 f o l l o w  c l o s e l y  
t h e  n o n l i n e a r  ones i n  f i g u r e  13(b)  f o r  s h o r t  t imes.  L ikew ise  t h e  l i n e a r i z e d  
curves i n  f i g u r e  14 f o r  p e r i o d i c  boundary c o n d i t i o n s  f o l l o w  c l o s e l y  those f o r  
unbounded c o n d i t i o n s  f o r  s h o r t  t imes .  For l onge r  t imes t h e  f l u c t u a t i o n s  f o r  
unbounded c o n d i t i o n s  con t inue  t o  decay, whereas those  f o r  cons tan t  p e r i o d i c  
boundary conditions grow. Small-scale structure in the curves for unbounded 
conditions is produced by the term aqptx2 in the argument of the cosine in 
equation (60) (a = dUl/dx2). This term arises from the term -.ax2 au2/axl 
in equation (57), as is evident from its absence in equation (65), where the 
term -ax2 au2/axl has been neglected. 
For discussing the linearized case for constant periodic boundary condi- 
tions, it is convenient to convert equations (57) and (59) to a spectral form 
by taking their three-dimensional Fourier transforms. This gives, for u2, 
on neglecting nonlinear terms 
where 
+ 
K is the wave-number vector, and is the Fourier transform of u . Note 
that a finite transform is used in tie x2 direction in order to sa$isfy 
periodic boundary conditions at x2/xo = -n,n. 
Strictly speaking, equation (67) is for a sawtooth mean-velocity profile, 
whereas the numerical results are for a uniform mean-velocity gradient. 
Equation (67) should still apply, however, at least for the present discussion 
purposes to points inside, but not outside, the numerical grid. 
For constant periodic boundary conditions for uj, small-scale struc- 
ture in the fluctuations or the transfer of energy between wave numbers is 
produced by 
That  t e rm  i s  
we see t h a t n  
q u a n t i t y  (p2 
t h e  t e rm  c o n t a i n i n g  t h e  summation over  U '  i n  equa t ion  ( 67 ) .  
t h e  F o u r i e r  t r ans fo rm  o f  -ax au /axl (Zq. 5 7 ) ) .  From i t s  fo rm 
i t  can produce a  compl icated fntfi?-wave-number i n t e r a c t i o n .  The 
a t  each u i n t e r a c t s  w i t h  (p2 a t  every  o the r  a l l owab le  
~ 2 .  A d i f f e r e n c e  between t h e  s o l u t f o n s  f o r  unbounded c o n d i t i o n s  and those  
f o r  cons tan t  p e r i o d i c  c o n d i t i o n s  i s  t h a t  o n l y  f l u c t u a t i o n s  a t  i n t e g r a l  
~ 2  
a r e  p o s s i b l e  when p e r i o d i c  c o n d i t i o n s  a r e  imposed, whereas f o r  unbounded 
c o n d i t i o n s  f l u c t u a t i o n s  a re  p o s s i b l e  a t  a l l  va lues o f  ~ 2 .  
A l though t h e  l i n e a r  te rm -ax2 au2/axl i s  e f f e c t i v e  i n  p roduc ing  
o s c i l l a t i o n s ,  even i n  t h e  absence o f  n o n l i n e a r  e f f e c t s  ( f i g .  14 ) ,  t h e  curves 
l a c k  t h e  random appearance o f  those  i n  f i g u r e  1 3 ( b ) .  E v i d e n t l y ,  as i n  t h e  case 
o f  no mean g r a d i e n t s  (eq. (SO)), t h e  o n l y  way we can have a  l i n e a r  t u r b u l e n t  
s o l u t i o n  i s  t o  p u t  t h e  t u rbu lence  i n  t h e  i n i t i a l  c o n d i t i o n s  ( D e i s s l e r ,  1961). 
Both -ax2 au2/axl and t h e  n o n l i n e a r  terms i n  equa t ion  ( 57 )  a r e  necessary t o  
produce t h e  sma l l - sca le  tu rbu lence  i n  f i g u r e  13(b)  f r om  nonrandom i n i t i a l  con- 
d i t i o n s .  The former  a c t s  l i k e  a  chopper t h a t  chops t h e  f l o w  i n t o  sma l l - sca le  
components. A l though t h e  l a t t e r  a l s o  do t h a t ,  t h e i r  most v i s i b l e  e f f e c t  he re  
i s  t o  produce randomizat ion.  As i n  t h e  p reced ing  s e c t i o n  t h e  randomizat ion 
m igh t  occur  as a  r e s u l t  o f  t h e  presence o f  s t range  a t t r a c t o r s  ( o r ,  more prop-  
e r l y ,  analogous s t range  behav io r )  i n  t h e  f l ow ,  by p r o l i f e r a t i o n  o f  eddies o r  
harmonic components ( w i t h  t h e  l o s s  o f  i d e n t i t y  o f  t h e  i n d i v i d u a l  edd ies)  o r  by 
b o t h  (see s e c t i o n  I V  f o r  a  discussion o f  these  p o s s l b l l i t i e s ) .  
Accord ing t o  t h e  1  i n e a r i  zed a n a l y t i c a l  s o l u t i o n  g i ven  by equa t ion  (60) ,  
t h e  manufacture o f  sma l l - sca le  f l u c t u a t i o n s  takes  p l ace  o n l y  i n  t h e  x2 
d i r e c t i o n .  F i gu re  15 shows how t h i s  has taken  p l a c e  a t  a  moderate t ime .  
F i g u r e  16 i s  a  s i m i l a r  p l o t  f o r  t h e  n o n l i n e a r  case. The random,izing e f f e c t  o f  
t h e  n o n l i n e a r  terms i s  ev i den t .  
For  t h e  p l o t t e d  a g a i n s t  xl ( f i g .  1 7 ) .  
The curves s t r u c t u r e  i n  t h e  x i  d i r e c -  
t i o n  due t o  t h e  i n t e r a c t i o n '  o f  t h e  d i r e c t i o n a l  components i n  t h e  noti1 i n e a r  
case. For  t h e  l i n e a r i z e d  f lows  sma l l - s ca le  s t r u c t u r e  developed o n l y  i n  t h e  
x2 d i r e c t i o n .  
E. E v o l u t i o n  o f  mean q u a n t i t i e s  w i t h  shear 
1 .  C ross - co r re l a t i on  c o e f f i c i e n t s  
-1 /2 -112 
-/(2) (u)  ( i g j )  a r e p l o t t e d  C r o s s - c o r r e l a t i o n  c o e f f i c i e n t s  u  u  u  i d  i 
a g a i n s t  d imension less t ime  f o r  t h e  n o n l i n e a r  case i n  f i g u r e  17. A l though 
- - -  
u = u 2 =  u2 a t  t* = 0, t h e  i n i t i a l  c ross  c o r r e l a t i o n s  a r e  n o t  zero b u t  a r e  
a l l  p o s i t i v e  and equal .  However, because o f  t h e  apparent randomizat ion o f  t h e  
f l o w  u2u3 and u1u3 approach zero as t i m e  inc reases .  On t h e  o the r  hand, t h e  
va lues o f  t h e  t u r b u l e n t  shear s t r e s s  
u ~ u $  
change f rom p o s i t i v e  t o  nega t i ve  
and remain nega t i ve  because o f  t h e  dyna 'I s  o f  t h e  imposed mean shear. The 
presence o f  t h e  mean-ve loc i ty  g r a d i e n t  dUl/dx2 causes U1 t o  be l i k e l y  
- 
n e g a t i v e  when u  i s  p o s i t i v e ,  so t h a t  u  u  , t h e  c o r r e l a t i o n  between t h e  
two, i s  nega t i ve?  The waviness i n  t h e  cur3eT i n  f i g u r e  18, as w e l l  as t h a t  i n  
some o f  t h e  curves i n  l a t e r  f i g u r e s  (e.g., f i g .  21),  i s  p robab ly  caused by 
nonrandom s t r u c t u r e  i n  t h e  f l ow ,  p o s s i b l y  t h a t  produced by t h e  l i n e a r  t e rm  
- (dU l /dx2)x2  au i / ax l  i n  equa t ion  ( 5 7 )  ( f i g .  14)  .I0 
2. Growth and an i so t r opy  o f  t h e  v e l o c i t y  f l u c t u a t i o n s  
The e v o l u t i o n  o f  t h e  mean-square components o f  t h e  v e l o c i t y  f l u c t u a t i o n s  
-* 2 -  
i s  p l o t t e d  i n  f i g u r e  19, where u  2  = ( x  / v )  u  2. A f t e r  an i n i t i a l  
ad justment  p e r i o d  a l l  o f  t h e  combdhents ine rease  $I~-I time,  i n  agreement w i t h  
exper iment  ( H a r r i s ,  e t  a l .  (1977) and t h e  numer ica l  r e s u l t s  i n  Roga l lo  (1981) ) .  
- 
2  The numer ica l  r e s u l t s  i n  Shaanan, e t  a l .  (1975),  on t h e  o t h e r  hand, show 
u2 
- 
and ug decreas ing  a t  a l l  t imes, a  d i f f e r e n c e  t h a t  remains unexplained. Our 
- - 
u: component i s  t h e  l a r g e s t  o f  t h e  th ree ,  u: I s  t h e  sma l les t ,  and u: l i e s  
- - - 
s l i g h t l y  above u2, i n  agreement w i t h  exper iment H a r r i s ,  e t  a l .  (1977) and 
p rev i ous  numer ica l  r e s u l t s .  
3. Accuracy o f  mean and ins tantaneous q u a n t i t i e s  
The e f f e c t  o f  d i s c r e t i z a t i o n  e r r o r  on t h e  numer ica l  r e s u l t s  f o r  u: i s  
shown i n  f i g u r e  20. Curves a re  p l o t t e d  f o r  1 6 ~ ,  243, and 323 g r i d  p o i n t s ,  
t o g e t h e r  w i t h  a  f ou r t h -o rde r  e x t r a p o l a t i o n  t o  zero g r i d - p o i n t  spac ing (an  i n f i -  
n i t e  number o f  g r i d  p o i n t s )  ( D e i s s l e r ,  1981a, 1 9 8 1 ~ ) .  The d i f f e r e n c e s  between 
t h e  r e s u l t s  f o r  323 p o i n t s  and t h e  f ou r t h -o rde r  e x t r a p o l a t i o n  a r e  smal l  b u t  
i n c rease  somewhat a t  l ong  t imes.  These r e s u l t s  appear t o  i n d i c a t e  t h a t  t h e  
numer ica l  r e s u l t s  g i ven  here f o r  averaged va lues a r e  reasonably accura te .  On 
t h e  o t h e r  hand t h e  three-d imensional  s p a t i a l  r e s o l u t i o n  i s  p robab ly  n o t  g r e a t  
enough (excep t  a t  e a r l y  t imes)  t o  g i v e  accura te  s p a t i a l  v a r i a t i o n s  o f  unaver- 
aged q u a n t i t i e s ,  o t h e r  than  t h a t  they  have a  random appearance. However, s i n c e  
t h e  s o l u t i o n s  a r e  hydrodynamica l ly  uns tab le ,  and ex t reme ly  s e n s i t i v e  t o  i n i t i a l  
c o n d i t i o n s ,  t h e  a c t u a l  values o f  t h e  unaveraged q u a n t i t i e s  a r e  p robab ly  n o t  o f  
g r e a t  s i g n i f i c a n c e .  
4. Maintenance o f  t h e  t u rbu lence  
For t h e  case cons idered i n  t h i s  s e c t i o n  ( u n i f o r m  v e l o c i t y  g r a d i e n t  
dUl/dx2) t h e  one-po in t  c o r r e l a t i o n  equa t ion  ( 14 )  becomes 
where d e r i v a t i v e s  o f  averaged va lues w i t h  r espec t  t o  x i  do n o t  appear 
because averages a r e  taken over  a  three-d imensional  p e r i o d .  Th i s  i s  so even 
though l o c a l  inhomogenei t ies  may occur when p e r i o d i c  boundary c o n d i t i o n s  a r e  
used, as d iscussed e a r l i e r  .5 
F igu re  21 shows t h e  e v o l u t i o n  of p ressu re - ve loc i t y -g rad ien t  c o r r e l a t i o n s .  
( P a r t s  o f  some o f  t h e  curves a r e  om l t t ed  t o  avo id  con fus ion . )  The pressure-  
v e l o c i t y - g r a d i e n t  terms i n  t h e  one-po in t  c o r r e l a t i o n  equa t ion  (eq. ( 7 0 ) ) ,  
t oge the r  w i t h  t h e  p roduc t i on  terms, a r e  r espons ib l e  f o r  m a i n t a i n i n g  t h e  
t u rbu lence  a g a i n s t  t h e  d i s s i p a t i o n  ( g i v e n  by t h e  l a s t  te rm i n  eq. ( 70 ) ) .  
- - 
2  2  There a r e  no p roduc t i on  terms i n  t h e  equat ions f o r  au2/at  and au3/at  
- - 
-- - 2  2  ( 6 i  u j  u2 aUl /ax2 and s j  u, u2 aUl /ax2 a r e  ze ro ) .  Thus u2 and u3 
- 
g e n e r a l l y  r e c e i v e  energy o n l y  f rom t h e  u: component, whose equa t ion  has a  
nonzero p roduc t i on  term. Equat ion (70)  shows t h a t  t o  do t h a t ,  p  au /axi t j 
p  aui/ax must be p o s i t i v e  f o r  i = j = 2, 3  and nega t i ve  f o r  1  = j = 1. S 
F i gu re  23 shows t h a t  i s  a c t u a l l y  t h e  case f o r  cons tan t  p e r i o d i c  boundary 
c o n d i t i o n s  except  f o r  an i n i t i a l  ad justment  pe r i od ,  so t h a t  t h e  t u rbu lence  i s  
- 
2  
main ta ined  ( f i g .  19 ) .  The maintenance o f  t h e  u2 o r  u2 component i s  pa r -  
t i c u l a r l y  c r i t i c a l  because i f  u, goes t o  zero, t h e  Reynolds shear s t r e s s  
i n  t h e  p roduc t i on  te rm o f  ;he u2 equa t ion  (eq.  ( 7 0 ) )  w i l l  go t o  zero 
ahd t h e r e  w l l l  be n o t h i n g  t o  keep t h e  Zurbulence go ing.  A l l  o f  t h e  components 
w i l l  t hen  e v e n t u a l l y  decay. That i s  what happens i n  t h e  l i n e a r i z e d  a n a l y s i s  
f o r  unbounded t u rbu lence  I n  f i g u r e  21 (see  a l s o  D e i s s l e r ,  1961). 
The non l  i n e a r  r e s u l t s  f o r  ug a r e  compared wi  t h  va r i ous  l l n e a r i  zed so lu -  
t i o n s  i n  f i g u r e  22. The same i n i t i a l  c o n d i t i o n s  a r e  used f o r  a l l  o f  t h e  cases 
(eqs.  ( 37 )  o r  ( 38 ) ,  ( 40 ) ,  and ( 5 5 ) ) .  For a l l  o f  t h e  r e s u l t s ,  except  those f o r  
t h e  unbounded l i n e a r i z e d  case (ob ta i ned  by us i ng  unbounded F o u r i e r  t rans fo rms 
(eq.  ( 6 0 ) ) ,  t h e  c r u c i a l  uL component e v e n t u a l l y  inc reases  so t h a t  t h e  t u r -  
bu lence o r  f l u c t u a t i o n s  a r z  ma in ta ined .  I n  t h e  unbounded l i n e a r 1  zed case 
- - 
u: decreases a t  a l l  t imes .  That was expected, s i nce  t h e  u: r e s u l t s  f o r  
t h a t  case I n  D e i s s l e r  (1961, 1970b) ( f o r  d i f f e r e n t  i n i t i a l  c o n d i t i o n s )  
decreased a t  a l l  times: Somewhat unexpected a r e  t h e  l i n e a r i z e d  r e s u l t s  f o r  
cons tan t  p e r i o d i c  boundary c o n d i t i o n s ,  which show t h a t  t h e  f l u c t u a t i o n s  a r e  
ma in ta ined  f o r  those cases. Whereas f i g u r e  21 shows t h a t  i n  t h e  unbounded 
case t h e  p ressu re - ve loc i t y -g rad ien t  c o r r e l a t i o n s  remove energy f rom t h e  
- 
2  
u2 component and cause t h e  f l u c t u a t i o n s  t o  decay as i n  D e i s s l e r  (1961, 1970b) 
t h e  i m p o s i t i o n  o f  cons tan t  p e r i o d i c  boundary c o n d i t i o n s  changes t h e  s i g n  o f  
- 
2  those c o r r e l a t i o n s  and b r i n g s  energy i n t o  u  , so t h a t  t h e  f l u c t u a t i o n s  a r e  
ma in ta ined .  Equat ion ( 65 ) ,  which sa t1  s f  l e s  t e r i o d l c  boundary c o n d i t i o n s ,  
shows t h a t ,  a t  l e a s t  when t h e  t e rm  -(dUl/dx2)x2 aui/axl i n  equa t ion  ( 57 )  i s  
- 4 
neg lec ted ,  u: Increases a t  l a r g e  t imes i f  2aqYq; > qn f o r  a t  l e a s t  
one n.  
5. S p e c t r a l  t r a n s f e r  terms as s t a b i l i z i n g  
Comparing t h e  l i n e a r i z e d  case f o r  p e r i o d i c  boundary c o n d i t i o n s  i n  
f i g u r e  22 w i t h  t h e  cor responding n o n l i n e a r  case shows t h a t  t h e  n o n l i n e a r  
- 
2 terms have a  s t a b i l i z l n g  i n f l u e n c e .  That i s ,  t h e  va lues o f  u  i nc rease  
more s l o w l y  f o r  t h e  n o n l i n e a r  case. Moreover comparing t h e  cugve f o r  t h e  
l i n e a r i z e d  case w i t h  p e r i o d i c  boundary c o n d i t i o n s  and w i t h  t h e  te rm 
-(dUl/dx2)x2 au2/axl i n  equa t ion  (57)  m i ss l ng  (eq. ( 6 5 ) )  w i t h  t h e  correspond- 
i n g  cu r ve  f o r  t h a t  t e rm  i nc l uded  shows t h a t  t h e  presence o f  t h a t  te rm a l s o  has 
a  s t a b i l i z i n g  i n f l u e n c e .  S ince n e g l e c t  o f  t h a t  t e rm  i s  e q u i v a l e n t  t o  neg lec t -  
i n g  t h e  mean-gradient t r a n s f e r  t e rm  i n  t h e  s p e c t r a l  equa t ion  f o r  
- 
u2 (eq. ( 2 6 ) ) ,  we can cons ider  t h e  l a t t e r  t e rm  as s t a b i l l z l n g .  Thus bo th  t h e  
n 6 n l i n e a r  s p e c t r a l  t r a n s f e r  t e rm  assoc ia ted  w i t h  t r f p l e  c o r r e l a t i o n s  T22 
and t h e  l i n e a r  mean-gradient t r a n s f e r  te rm T i 2  i n  t h e  s p e c t r a l  equa t ion  (26)  
- 
f o r  u; a r e  s t a b i l l z l n g .  The reason i s  t h a t  b o t h  terms t r a n s f e r  energy t o  
sma l l  edd ies,  where i t  i s  d i s s i p a t e d  more e a s i l y .  
It i s  o f  i n t e r e s t  t h a t  t h e  one-po in t  c o r r e l a t i o n  equa t ion  f o r  au u  / a t  3 (eq.  ( 7 0 ) )  con ta i ns  n e i t h e r  a  te rm assoc ia ted  w i t h  v e l o c i t y - g r a d i e n t  t r a n s f e r  
no r  one assoc ia ted  w i t h  n o n l i n e a r  t r a n s f e r .  That  i s ,  b o t h  o f  those  processes 
g i v e  zero d i r e c t  c o n t r i b u t i o n  t o  t h e  r a t e  o f  change o f  
uiul: they  o n l y  
change t h e  d l  s t r i  b u t i o n  o f  energy among t h e  va r i ous  s p e c t r a i  components o r  
eddy s i zes .  Th i s  s p e c t r a l  t r a n s f e r ,  o f  course, s t i l l  a f f e c t s  t h e  way i n  which 
- 
uluj evo lves ( f i g .  22) .  Even though equa t i on  ( 70 )  con ta i ns  no t r a n s f e r  
terms, t h e  t r a n s f e r  o f  energy among t h e  va r i ous  s p e c t r a l  components o f  t h e  
- 
v e l o c i t y  a l t e r s  t h e  terms t h a t  do appear i n  equa t ion  ( 70 ) ,  so t h a t  au u / a t  
i s  a f f e c t e d  i n d i r e c t l y .  That i s  n o t  a  smal l  e f f e c t !  i j 
The mod i f ied  l i n e a r  pseudoso lu t ion  g i ven  by equat ions ( 65 )  and (66 )  (dash- 
do t -do t  cu rve  i n  f i g .  21) i s  t h e  s imp les t  s o l u t i o n  i n  which t h e  f l u c t u a t i o n s  
can be ma in ta ined  a g a i n s t  t h e  d i s s i p a t i o n .  I n  o b t a i n i n g  i t  t h e  o n l y  mean- 
g r a d i e n t  t e rm  r e t a i n e d  i n  t h e  equat ions f o r  u2 (eqs. (57) and (59) ,  i = 2) 
i s  -2(dUl /dx2)au2/ax l ,  a  source t e rm  i n  t h e  Poisson equa t ion  f o r  t h e  p ressure .  
I f  t h a t  t e rm  i s  a l s o  neglected,  u2 decays and, as d iscussed e a r l i e r ,  a l l  o f  
t h e  components o f  t h e  f l u c t u a t i o n s  decay. Moreover, as shown i n  f i g u r e  22 and 
a l r eady  d iscussed,  t h e  te rm -(dUl/dx2)x2 aui/axl i n  equa t ion  (57)  i s  s t a b i -  
l i z i n g ,  so i t  i s  o f  no h e l p  i n  m a i n t a i n i n g  t h e  f l u c t u a t i o n s .  Thus, a t  l e a s t  i n  
t h e  l i n e a r i z e d  case, t h e  presence o f  t h e  source t e rm  -2(dUl/dx2)au2/axl i n  t h e  
Poisson equa t i on  f o r  t h e  p ressure  i s  necessary f o r  m a i n t a i n i n g  t h e  f l u c t u a t i o n s .  
That t e rm  should p l a y  a  s i m i l a r  impo r tan t  r o l e  i n  t h e  maintenance o f  n o n l i n e a r  
t u rbu lence ,  a l t hough  i n  t h a t  case i t  i s  hard  t o  separate  t h e  l i n e a r  e f f e c t s  
f r om  t h e  n o n l i n e a r  ones. I n  p a r t i c u l a r ,  t h e  r o l e  o f  t h e  n o n l i n e a r  source t e rm  
i n  t h e  Poisson equa t ion  f o r  t h e  p ressure  remains unc lear ,  a l t hough  i t  may have 
an e f f e c t  s i m f l a r  t o  t h a t  o f  t h e  l i n e a r  source term. 
F. Return t o  i s o t r o p y  
F igures  23 and 24 show t h e  approach t o  i s o t r o p y  o f  n o n l i n e a r  u n i f o r m l y  
sheared t u rbu lence  when t h e  shear i s  suddenly removed. A l though t h e  shear 
- 
produces cons ide rab le  a n i  so t ropy  , t h e  components u: o f  t h e  mean-square f 1  uc- 
t u a t i o n  approach e q u a l i t y  upon removal of t h e  shear and remain a c c u r a t e l y  
equal .  The p ressu re - ve loc i t y -g rad ien t  c o r r e l a t i o n s  i n  equa t ion  (70)  a r e  thus  
success fu l  i n  t r a n s f e r r i n g  energy among t h e  va r i ous  d i r e c t i o n a l  components i n  
- - 
such a  way t h a t  e q u a l i t y  o f  t h e  u: i s  produced. We no te  t h a t  u2 con t inues  
t o  i nc rease  f o r  a  s h o r t  t ime  a f t e r  t h e  shear i s  removed, p robab ly  iecause i t  
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2 2  
r ece i ves  energy f r om bo th  ul and ug. 
- 
2 I n  a d d i t i o n  t o  e q u a l i t y  o f  t h e  ui, zero c ross  c o r r e l a t i o n s  u  u  ( 1  # j )  4 j 
a r e  r e q u i r e d  f o r  i s o t r o p y .  F i gu re  24 shows t h a t  u1u2, which i s  nonzero when 
t h e  t u rbu lence  i s  sheared, approaches zero when t h e  shear i s  removed, and 
a l ong  w i t h  t h e  o t h e r  cross c o r r e l a t i o n s ,  remains c l o s e  t o  zero.  The 
d e s t r u c t i o n  o f  u1u2, appa ren t l y  by n o n l i n e a r  randomizat ion e f f e c t s ,  occurs 
over  a  f i n i t e  t ime  r a t h e r  than  i ns tan taneous l y  on removal o f  t h e  shear. 
Another expected e f f e c t  o f  removal o f  t h e  mean shear i s  t h a t  t h e  sma l l -  
s c a l e  s t r u c t u r e  produced by t h e  chopping t e rm  -(dUl/dx2)x2 aui/axl i n  equa- 
t i o n  ( 57 )  should d i e  ou t .  Accord ing t o  f i g u r e  25, t h a t  occurs a lmost  immedi- 
a t e l y  when dUl/dx2 goes t o  zero, e v i d e n t l y  because o f  t h e  l a r g e  f l u c t u a t -  
i n g  shear s t resses  between t h e  sma l l - sca le  eddies.  F i gu re  25 shows, i n  a  
p a r t i c u l a r l y  g raph ic  manner, t h e  e f f e c t i v e n e s s  o f  t h e  mean-gradient chopping 
t e rm  i n  equa t ion  ( 57 )  i n  p roduc ing  sma l l - sca le  t u r b u l e n t  s t r u c t u r e .  
V I .  INHOMOGENEOUS FLUCTUATIONS AND TURBULENCE (DEVELOPING SHEAR LAYER) 
Here, t h e  work i s  extended t o  an i n h e r e n t l y  inhomogeneous deve lop ing  shear 
l a y e r  so t h a t  n e t  d i f f u s i o n ,  as w e l l  as o t h e r  t u rbu lence  processes, can be con- 
s ide red .  Th i s  case i s  genera l  enough t o  i n c l u d e  a l l  o f  t h e  dynamical processes 
t h a t  ordinarily occur i n  incompress ib le  tu rbu lence .  
For  t h e  i n i t i a l  c o n d i t i o n s  we use a  three-d imensional  cos ine  v e l o c i t y  
f l u c t u a t i o n ,  as before,  and a  mean-ve loc i ty  p r o f i l e  w i t h  a  s tep.  Thus, i n  
equa t i on  (38)  we s e t  
where V i s  a  cons tan t  w i t h  t h e  dimensions o f  a  v e l o c i t y .  Equat ion (71 )  i s  
p l o t t e d  a g a i n s t  x2/xo i n  t h e  cu rve  f o r  t = 0  i n  f i g u r e  26, where V*  = 
VXO/V,  and xo i s  aga in  t h e  i n i t i a l  l e n g t h  sca le  o f  t h e  d is tu rbance .  For 
t h e  c o e f f i c i e n t s  g i ven  by equa t ion  (40)  we choose t h e  second s e t  o f  s igns .  
W i t h  t h i s  cho ice  o f  s igns  u  u  does n o t  have t o  change s i g n  as a  r e s u l t  o f  
t h e  dynamics o f  t h e  f l ow ,  asl i? d i d  i n  t h e  l a s t  sec t i on ,  and t h e  i n i t i a l  
adjustment  p e r i o d  i s  e l i m i n a t e d  o r  g r e a t l y  shortened. I f  t h e  l onge r  ad justment  
p e r i o d  remained, much o f  t h e  development o f  t h e  shear l a y e r  would be d i s t o r t e d .  
I n  c a r r y i n g  o u t  t h e  numer ica l  s o l u t i o n  o f  equat ions ( 1 )  and ( 3 )  we use 
boundary c o n d i t i o n s  (44)  and (47 ) ,  where we l e t  
Equat ions ( 1 )  and ( 3 )  a r e  w r i t t e n  i n  terms o f  t h e  t o t a l  v e l o c i t y  ui, b u t  we 
can c a l c u l a t e  t h e  - f l u c t u a t i n g  p a r t  f r om  equa t ion  ( 4 ) ,  which, f o r - t he  p resen t  
case, i s  ui = u  - 6 U1, where U  i s  ob ta ined  by averag ing  u  over  xl 
and x  f o r  f i x e d  va ldes o f  x2. ~ i e  f l u c t u a t i o n s  a r e  inhomogenebus i n  t h e  x2 
d i r e c ? i o n ,  except  a t  t = 0.  
The c a l c u l a t e d  e v o l u t i o n  o f  t h e  dimensionless mean v e l p c i t y  U l *  = 
(xo/v)U1 (U2 and U3 a r e  zero)  i s  p l o t t e d  a g a i n s t  x2/xo = x2 f o r  a  p a r t i c -  
u l a r  va lue  o f  V *  = V X O / V  i n  f i g u r e  26. The r e s u l t s  i n  t h i s  s e c t i o n  may n o t  
be as accu ra te  as those i n  t h e  p rev ious  sec t i ons  because o f  t h e  presence o f  t h e  
d i s c o n t i n u i t y  i n  t h e  i n i t i a l  v e l o c i t y  p r o f i l e ,  b u t  they  should be q u a l i t a t i v e l y  
c o r r e c t .  The shear l a y e r  grows ( f r o m  e s s e n t i a l l y  zero i n i t i a l  t h i c kness )  
because o f  t h e  presence o f  t h e  t u r b u l e n t  and v iscous shear s t r esses .  The r a t i o  
o f  t u r b u l e n t  t o  v iscous shear s t r e s s  (averaged over  x l  and x3 a t  t h e  cen- 
t r a l  p l ane  x2* = r) i s  p l o t t e d  a g a i n s t  d imension less t ime  i n  f i g u r e  27. 
Except a t  e a r l y  t imes t h e  growth o f  t h e  shear l a y e r  i s  a lmost  comp le te ly  
dominated by t h e  t u r b u l e n t  shear s t r e s s .  
F i gu re  28 shows t h e  e v o l u t i o n  o f  t h e  ins tantaneous v e l o c i t y  component 
u2 and o f  t h e  root-mean-square va lue  o f  u2 (averaged over  t h e  c e n t r a l  
p l ane  x2* = n ) .  A l though t h e  i n i t i a l  c o n d i t i o n s  a r e  nonrandom, t h e  evo- 
l u t i o n  o f  u2 has a  random appearance, as i n  t h e  p reced ing  sec t i ons .  
On t h e  o t h e r  hand, evo lves smoothly.  These c h a r a c t e r i s t i c s  a r e  aga in  
r e p r e s e n t a t l v e  o f  a  t u r b u l e n t  f l o w .  The q u a n t i t y  inc reases  monotoni-  
. - ,  
c a l l y  a t  smal l  t imes i n  c o n t r a s t  t o  t h e  cor responding curve  i n  s e c t i o n  V ,  
where an i n i t i a l  ad justment  p e r i o d  was p resen t .  As mentioned e a r l i e r ,  t h e  
i n i t i a l  ad justment  p e r i o d  has been e l i m i n a t e d  here  by us i ng  t h e  second s e t  
o f  s igns  i n  equa t i on  (40) ,  so t h a t  u  u  does n o t  have t o  change s i g n  as a  1 2  
r e s u l t  o f  t h e  dynamics o f  t h e  tu rbu lence .  The decrease i n  near t h e  
end o f  t h e  cu rve  i s  caused by a  decrease i n  mean-ve loc i t y  
o f  t u rbu lence  p roduc t i on ,  a t  l a r g e  t imes ( f i g .  26).  
As j n  t h e  case i n  t h e  p reced ing  sec t i on ,  sma l l - sca le  f l u c t u a t i o n s  a r e  gen- 
e r a t e d  i n  t h e  inhomogeneous t u rbu lence  i n  f i g u r e  28 by t h e  i n t e r a c t i o n  o f  t h e  
mean v e l o c i t y  w i t h  t h e  tu rbu lence .  Th i s  can be seen by comparing f i g u r e  28 
w i t h  f i g u r e s  1  and 13 (a ) ,  where mean-ve loc i ty  g r a d i e n t s  a r e  absent .  One m igh t  
expect  t h i s  s i nce  i t  has been shown ( D e i s s l e r ,  1981b) t h a t ,  even f o r  a  genera l  
inhomogeneous tu rbu lence ,  a  t e rm  i n  t h e  two-po in t  s p e c t r a l  equa t i on  f o r  t h e  
t u rbu lence  can t r a n s f e r  energy between sca les  o f  mot ion  as a  r e s u l t  o f  t h e  
presence o f  mean g rad ien t s .  
A.  Inhomogeneous growth o f  t u r b u l e n t  energy 
A d imension less p l o t  o f  t u r b u l e n t  k i n e t i c  energy as a  f u n c t i o n  o f  x,* 
- - L 2 -  and t i m e  i s  g i ven  i n  f i g u r e  29, where ukuk* = (x0/v)  ukuk. As f o r  a l l  o f  t h e  
- 
averaged va lues i n  t h i s  sec t ion ,  ukuk/2 i s  averaged over x1 and x3 f o r  
f i x e d  va lues o f  x7. As t ime  increases,  an i n t e n s e  concen t ra t i on  o f  t u rbu -  
l e n t  energy develops near t h e  p lane  x2/x0 = n, where t h e  mean-ve loc i ty  gra-  
d i e n t  i s  i n i t i a l l y  i n f i n i t e .  The t u rbu lence  i s  h i g h l y  inhomogeneous. Inhomo- 
gene i t y ,  i n  f a c t ,  seems t o  be t h e  dominant c h a r a c t e r i s t i c  o f  t h e  t u rbu lence  
generated i n  t h e  shear l a y e r .  The i n d i c a t e d  i nc rease  i n  t u rbu lence  w i t h  t ime  
i s  s i m i l a r  t o  t h a t  ob ta ined  expe r imen ta l l y  ( B r i n i c h ,  e t  a l . ,  1975).  
B. Turbulence processes i n  shear l a y e r  
Terms i n  t h e  one-point  c o r r e l a t i o n  equa t ion  f o r  t h e  r a t e  o f  change o f  t h e  
t u r b u l e n t  k t n e t i c  energy (eq.  (15) ) ,  which, f o r  t h e  p resen t  case, becomes 
a r e  p l o t t e d  f o r  t* = 0.000293 i n  f i g u r e  30. As usua l ,  an a s t e r i s k  on a  
q u a n t i t y  i n d i c a t e s  t h a t  i t  has been nondlmensional ized by us i ng  xo and V .  
4 3  - For i ns tance  (ulu2 dUl/dx2)* = ( x O  / V  ) u1u2 dUl/dx2. The terms t h a t  con t r i b - ,  
u t e  most t o  t h e  r a t e  o f  change o f  ukuk/2 a r e  t h e  p roduc t i on  te rm 
-u u  dUl/dx t h e  p ressure  d i f f u s i o n  t e rm  ( - Z u 2 / a x 2 ) l p  and t h e  k i n e t i c  energy 1 2  2  ' 
2 -  2  d i f f u s i o n  te rm -(1/2)aukuku2/ax2. The v iscous d i f f u s i o n  t e rm  va (ukuk/2) /ax2 
and t h e  d i s s i p a t i o n  t e rm  - ~ a u  /ax auk/ax a r e  smal l  i n  f i g u r e  30. A t  e a r l y  
t imes,  however, when t h e  mean-belot i  ty g r a % i e n t  i s  l a rge ,  t h e  d l  s s i p a t l o n  t e rm  
i s  apprec iab le .  
The p r o d u c t i o n  term, whose fo rm shows t h a t  t u r b u l e n t  energy i s  produced 
by work done on t h e  Reynolds shear s t r e s s  by t h e  mean-ve loc i ty  g rad ien t ,  i s  
* l a r g e s t  near t h e  p lane  x 2  = n, where t h e  v e l o c i t y  g r a d i e n t  t s  i n i t f a l l y  
i n f i n i t e .  The p l o t s  o f  t h e  p ressure  and k i n e t i c  energy d i f f u s i o n  terms show 
t h a t  those  terms a r e  nega t i ve  near x2 = n and p o s i t i v e  away f rom t h a t  
p lane.  Thus, they  remove t u r b u l e n t  energy f r om t h e  maximum-energy r e g i o n  and 
d e p o s i t  I t  where t h e  energy i s  lower .  Both d i f f u s i o n  terms t h e r e f o r e  tend  t o  
make t h e  t u rbu lence  more homogeneous. 
A comparison o f  t h e  t u rbu lence  d i f f u s i o n  processes w i t h  t h e  s p e c t r a l  
t r a n s f e r  processes and t h e  d i r e c t i o n a l  t r a n s f e r  processes a r i s i n g  f rom t h e  
pressure-ve loc i ty  c o r r e l a t i o n s  ( sec t i ons  I V  and V) i s  i n s t r u c t i v e .  The spec- 
t r a l  t r a n s f e r  processes remove energy f rom wave-number ( o r  eddy s i ze )  regions,  
where t h e  energy i s  h igh,  and depos i t  i t  i n  regions o f  lower energy. The 
d i r e c t i o n a l  t r a n s f e r  processes remove energy f rom high-energy d i r e c t i o n a l  com- 
ponents and depos i t  i t  i n  a d i r e c t i o n a l  component ( o r  components) where the  
energy i s  lower.  The turbulence d i f f u s i o n  processes, as shown here, remove 
energy f rom regions o f  space where the  energy i s  h igh  and depos i t  i t  i n  regions 
o f  lower energy. The spec t ra l  t r a n s f e r ,  d i r e c t i o n a l  t r a n s f e r ,  and turbulence 
d i f f u s i o n  processes tend, respec t i ve l y ,  t o  make the  turbulence more un i fo rm i n  
wave-number space and more i s o t r o p i c  and homogeneous i n  phys ica l  space. 
Although one might  suppose t h a t  tu rbu lence d i f f u s i o n  terms would always 
tend t o  make t h e  turbulence more homogeneous, t h a t  suppos i t ion  i s  no t  supported 
by a l l  o f  t he  experimental  data. For instance,  measurements o f  wall-bounded 
tu rbu lence (Laufer ,  1954) i n d i c a t e  t h a t  t h e  pressure d i f f u s i o n  and t h e  k i n e t i c  
energy d i f f u s i o n  terms t r a n s f e r  energy i n  opposi te  d i r e c t i o n s ,  a l though t h e  
t o t a l  d i f f u s i o n  i s  f rom regions o f  h igh  t o  regions o f  lower energy. On t h e  
o the r  hand, measurements o f  turbulence i n  a f r e e  j e t  (Wygnanski and F ied le r ,  
1969) and i n  a wake (Townsend, 1949), which a re  c lose r  t o  t h e  case considered 
here, seem t o  support  t he  present  f i nd ings .  
V I I .  A STEADY-STATE HOMOGENEOUS TURBULENCE WITH A SPATIALLY P E R I O D I C  
BODY FORCE 
I n  a l l  o f  t he  cases considered so f a r  t he  turbulence e i t h e r  u l t i m a t e l y  
d ied  ou t  o r  increased i n  i n t e n s i t y  w i t h  t ime. However, t he re  a re  many impor- 
t a n t  cases i n  which the  turbulence, a f t e r  some t ime, reaches a s t a t i s t i c a l l y  
steady s t a t e  (e.g., f l o w  i n  a p ipe  f a r  f rom t h e  entrance).  Moreover, a  d iscus-  
s i on  o f  s t range a t t r a c t o r s  (e.g., Eckmann, 1981, and O t t ,  1981) should, 
s t r i c t l y  speaking, be based on a steady-state turbulence; a strange a t t r a c t o r  
i s ,  roughly ,  t h e  reg ion  o f  phase space jnhab j ted  by t h e  phase p o i n t  o f  a  system 
a f t e r  t h e  i n i t i a l  t r a n s i e n t s  ha've d ied  out,  where t h e  phase p o i n t  moves i n  an 
apparent ly  chaot ic  fashion.  For t he  decaying turbulence of sec t i on  I V  t h e  
a t t r a c t o r  would then be on ly  a p o i n t  i n  phase space. O f  course, we could s t i l l  
t a l k  about analogous strange behavior,  even i n  an unsteady-state case, as we 
d i d  i n  sec t i on  I V - D .  
One way o f  o b t a i n i n g  a s t a t i s t i c a l l y  s teady-state turbulence i s  by adding 
a s p a t i a l l y  p e r i o d i c  body-force term ( f o r c i n g  term) F i  t o  t he  r i g h t  s i de  
o f  equat ion (41 ) .  A convenient term f o r  t h a t  purpose i s  
where t h e  subsc r i p t  0  s i g n i f i e s  i n i t i a l  values, t he  are  g iven by 
equat ions (38)  and (40) w i t h  Ui = 0  and by equatioA (3 ) .  and c i s  a 
constant .  The f i r s t  se t  o f  s igns i s  used i n  equat ion (40) .  Equat ion (74),  
which i s  t ime  independent, i s  used f o r  F i  a t  a l l  t imes. For c = 1, t h e  
t h e  q u a n t i t i e s  and p, as ca l cu la ted  f rom equat ion (1 )  ( w i t h  F i  added 
t o  t h e  r i g h t  s ide)  and equat ion ( 3 ) .  do n o t  change from t h e i r  i n i t i a l  equat ion 
( 3 ) ,  do no t  change from t h e i r  i n i t i a l  values. To i n t roduce  some i n i t i a l  t ime 
dependence, we s e t  c  = 1.05. The boundary c o n d i t i o n s  a r e  taken t o  be 
p e r i o d i c ,  as i n  s e c t i o n  I V .  
Ca l cu l a ted  r e s u l t s  f o r 2 t h i s  case a r e  p l o t t e d  i n  f i g u r e s  31 and 32, where 
t* i s  aga in  equal  t o  (V /XO ) t  and xo i s  t h e  i n i t i a l  l e n g t h  sca le .  
.-" 
F i g u r e  31 shows t h e  t ime  e v o l u t i o n  o f  ul and a t  a  p o i n t  away f r om 
t h e  cen te r  o f  t h e  numer ica l  g r i d ,  where as be fo re ,  overbars  i n d i c a t e  space 
averages. The va lues a r e  normal ized by d i v i d i n g  them by , t h e  i n i t i a l  
- 1 2  - 1 2  
valueof(;;) =  =(?)"' . Since we a r e  i n t e r e s t e d  i n  s t eady -s ta te  
solutions a l ong  t $ i t  i s  nacessary, t o  o b t a i n  reasonably  accura te  r esu l t s , .  
t o  use a  lower  Reynolds number than  i n  t h e  p reced ing  cases, where sho r t e r - t ime  
t r a n s i e n t  f l ows  were consfdered. 
F i gu re  30 shows t h a t ,  f o r  0  < t* < 0.17, t h e  f l o w  i s  e s s e n t i a l l y  laminar  
w i t h  sma l l  f l u c t u a t i o n s  o f  ul. Then f o r  0.17 < t* < 0.18 t h e r e  i s  a  r a t h e r  
sharp t r a n s i t i o n  f rom 1aminar . to  t u r b u l e n t  f l ow ,  as ( increases.  For 
t* > 0.18 t h e  t u rbu lence  i s  s t a t i s t i c a l l y  s teady s t a t e ,  as i n d i c a t e d  by t h e  
n e a r l y  cons tan t  va lue  o f  . Curves f o r  c2 and i3 a r e s i m i l a r  t o  
those  f o r  i,, i n c l u d i n g  t h e  same l o c a t i o n  o f  t h e  t r a n s i t i o n  r e g i o n  and n e a r l y  
I 
t h e  same va lues f o r  
A f t e r  t h e  t r a n s i t i o n  r e g i o n  (t* > 0.18) t h e  f l o w  appears t o  l i e  on a  
s t r ange  a t t r a c t o r ,  s i nce  It has t h e  f o l l o w i n g  c h a r a c t e r i s t i c s : 1 4  f i r s t ,  a  
volume i n  t h e  phase space o f  our  system decreases w i t h  t ime ,  s i nce  t h e  Nav ie r -  
Stokes equat ions desc r i be  a  d i s s i p a t i v e  system and phase-volume shr inkage can 
be shown t o  occur  f o r  t h e  Navier-Stokes equat ions.14 Th is  i m p l i e s  t h a t  an 
a t t r a c t o r  e x i s t s  f o r  our  system. Second, t h e  c h a o t i c  appearance o f  t h e  ve loc-  
i t y  components ( f i g s .  31 and 32) I n d i c a t e s  t h a t  t h e  a t t r a c t o r  i s  s t range.  
F i n a l l y ,  t h e  f a c t  t h a t  t r a n s i e n t s  have d i e d  o u t  f o r  t* > 0.18, l e a v i n g  a  s t a -  
t i s t i c a l l y  steady s t a t e  ( f i g .  31), i n d i c a t e s  t h a t  beyond t h e  t r a n s i t i o n  r e g i o n  
t h e  phase p o i n t  i s  on t h e  s t range  a t t r a c t o r .  
N N 
F i g u r e  32 shows t h e  p r o j e c t i o n  on t h e  u  -u p lane  ( a t  t h e  cen te r  o f  t h e  3  
numer ica l  g r i d )  o f  t h e  t r a j e c t o r y  o f  t h e  phasg p o i n t  as i t  moves on t h e  s t range  
a t t r a c t o r .  As i n  f i g u r e  6 t h e  t r a j e c t o r y  c o n s i s t s  o f  loops and cusps w i t h  f r e -  
quent changes i n  t h e  s i g n  o f  t h e  cu rva tu re ,  b u t  u n l i k e  f i g u r e  6 t h e  t r a j e c t o r y  
does no t ,  o f  course, tend  toward a p o i n t .  The cusps migh t  be cons idered as 
loops  w i t h  ve ry  smal l  o r  zero r a d i i .  Also,  as i n  f i g u r e  6, randomizat ion i s  
ve r y  l i k e l y  assoc ia ted  w i t h  t h e  l a r g e  number o f  harmonics (eddy s i z e s )  p resen t ,  
as w e l l  as w i t h  t h e  s t range  a t t r a c t o r  o r  s t range  behav io r .  
1 4 ~ h e s e  c h a r a c t e r i s t i c s ,  as w e l l  as t h e  p o s s i b i l i t y  o f  o b t a i n i n g  a  
s teady-s ta te  t u rbu lence  w i t h  p e r i o d i c  boundary c o n d i t i o n s  by s l i g h t l y  mod i f y i ng  
t h e  e x i s t i n g  program, were po in ted  ou t  t o  t h e  au tho r  by R.J. De i ss l e r .  
V I I I .  CONCLUSIONS 
From t h e  p resen t  r ev i ew  i t  i s  concluded t h a t  t h e  n o n l i n e a r  and l i n e a r  
processes i n  t u rbu lence  can be p r o f i t a b l y  s t ud ied  numer i ca l l y .  The r e s u l t s  
show t h a t ,  a t  l e a s t  a t  h i ghe r  Reynolds numbers, an appa ren t l y  random tu rbu lence  
can develop f r om nonrandom i n i t i a l  c o n d i t i o n s .  The n u m e r i c a l l y  c a l c u l a t e d  
t u r b u l e n c e  i s  n o t  numer ica l  hash, s i n c e  a l a r g e  number o f  t i m e  s teps correspond 
t o  each f l u c t u a t i o n .  For b o t h  sheared and unsheared f l u c t u a t i o n s  t h e  s t r u c t u r e  
o f  t h e  Navier-Stokes equat ions i s  such t h a t  t u rbu lence  can develop even when 
t h e / i n i t i a l  f l o w  i s  non tu rbu len t .  Th i s  i s  i n d i c a t e d  by t h e  appearance o f  t h e  
ins tan taneous  v e l o c i t y  f l u c t u a t i o n s  and by t h e  s e n s i t i v i t y  o f  those  f l u c t u a -  
t i o n s  (and t h e  i n s e n s i t i v i t y  o f  average va lues)  t o  smal l  p e r t u r b a t i o n s  i n  t h e  
ins tan taneous  i n i t i a l  c o n d i t i o n s .  The randomness appears t o  i nc rease  as t h e  
numer ica l  mesh s i z e  decreases. Moreover, t h e  two-t ime v e l o c i t y  c o r r e l a t i o n  
becomes smal l  as t h e  t ime  between t h e  occurrence o f  t h e  two v e l o c i t i e s  
i nc reases .  I n  a d d i t i o n ,  f o r  no mean shear t h e  c o r r e l a t i o n  between any two com- 
ponents o f  t h e  v e l o c i t y  becomes smal l  as t h e  t ime  inc reases ,  as a  r e s u l t  o f  t h e  
randomiza t ion .  Th i s  c o r r e l a t i o n  i s  n o t  smal l  i n i t i a l l y ,  even though t h e  t h r e e  
components o f  t h e  mean-square v e l o c i t y  f l u c t u a t i o n  a r e  equal  a t  e a r l y  as w e l l  
as a t  l a t e  t imes f o r  t h e  i n i t i a l  c o n d i t i o n s  chosen. Also,  c a l c u l a t e d  v e l o c i t y -  
d e r i v a t i v e  skewness f a c t o r s  f o r  no mean shear appear t o  be o f  reasonable  mag- 
n i t u d e  when compared w i t h  those f o r  i s o t r o p i c  tu rbu lence .  Thus, except  i n  t h e  
i n i t i a l  p e r i o d  t h e  r e s u l t s  f o r  no mean shear e v i d e n t l y  g i v e  a  reasonably  good 
approx imat ion  t o  i s o t r o p i c  tu rbu lence .  
The source o f  t h e  observed randomness may l i e  i n  t h e  presence o f  s t range  
a t t r a c t o r s  o r ,  more p r o p e r l y ,  o f  analogous s t range  behav io r  (Monin, 1978) i n  
t h e  phase space of t h e  system, as w e l l  as i n  t h e  occurrence o f  a  l a r g e  number 
o f  edd ies o r  harmonic components ( l a r g e  number o f  degrees o f  freedom). I t  
appears t h a t  no conc lus ions  can be drawn as t o  t h e  r e l a t i v e  impor tance o f  t h e  
two processes, b u t  bo th  p robab ly  occur .  ( A  s t range  a t t r a c t o r  i s  a  r e g i o n  i n  
t h e  phase space o f  t h e  system t o  which s o l u t i o n s  a r e  a t t r a c t e d  and i n  which t h e  
phase p o i n t  moves i n  an appa ren t l y  c h a o t i c  fash ion .  I t  can occur even w i t h  a  
smal l  number o f  degrees o f  freedom.) Roundoff e r r o r s  appear n o t  t o  be a sus- 
t a i n i n g  cause o f  t h e  randomness; a  l a r g e  decrease i n  r oundo f f  e r r o r s  d i d  n o t  
a p p r e c i a b l y  a f f e c t  t h e  t u rbu lence  l e v e l  o r  t h e  randomness o f  t h e  f l u c t u a t i o n s ,  
a l t hough  t h e  ins tan taneous  va lues were d i f f e r e n t .  Thus, t h e  a f f e c t  o f  a  l a r g e  
decrease i n  r oundo f f  e r r o r s  i s  s i m i l a r  t o  t h a t  o f  a  smal l  p e r t u r b a t i o n  o f  t h e  
i n i t i a l  c o n d i t i o n s .  Roundoff e r r o r s  may i n  some cases a f f e c t  t h e  t r a n s i t i o n  
t o  t u rbu lence .  The p resen t  t u r b u l e n t  s o l u t i o n s  bear some s i m i l a r i t y  t o  those  
f o r  low-order  models i n  t h a t  bo th  have t r a j e c t o r i e s  i n  phase space t h a t  c o n s i s t  
o f  l oops  and cusps, w i t h  f r equen t  changes i n  t h e  s i g n  o f  t h e  c u r v a t u r e  o f  t h e  
t r a j e c t o r y  ( f i g .  6 ) .  Moreover, w i t h  t h e  r e s u l t s  f r om  t h e  low-order models i n  
which apparent  randomness appears w i t h  as few as t h r e e  degrees o f  f reedom 
(e.g., i n  t h e  Lorenz equa t ions ) ,  t h e  t u rbu lence  observed t o  be manufactured by, 
t h e  Navier-Stokes equat ions should perhaps n o t  come as a s u r p r i s e .  
A t  e a r l y  t imes  t h e  c a l c u l a t e d  n o n l i n e a r  t r a n s f e r  o f  energy f r om b i g  eddies 
t o  sma l l . ones  i s  a lmost  comp le te ly  dominant and causes a sharp decrease i n  t h e  
s i z e  o f  t h e  m ic rosca le .  Th i s  has n o t  been g e n e r a l l y  observed e x p e r i m e n t a l l y  
o r  a n a l y t i c a l l y  because t h e  p e r i o d  u s u a l l y  s t ud ied  i s  f o r  l a t e r  t imes,  where 
t h e  a n n i h i l a t i o n  o f  smal l  eddies by v i scous  a c t i o n  causes t h e  sca le  t o  grow, 
even though energy i s  be ing  t r a n s f e r r e d  t o  sma l l e r  eddies.  Th i s  l a t e r  p e r i o d  
o f  s c a l e  growth i s  a l s o  observed i n  t h e  p resen t  r e s u l t s .  
The n o n l i n e a r  terms i n  t h e  equat ions o f  mot ion,  besides t r a n s f e r r i n g  
energy among eddy s i zes  and p roduc ing  randomizat ion,  a r e  ve ry  e f f e c t i v e  vo r -  
t i c i t y  genera to rs  and inc rease  t h e  d i s s i p a t i o n  and t h e  r a t e  o f  decay. The 
inc reased  r a t e  o f  decay i s  a  r e s u l t  o f  t h e  n o n l i n e a r  t r a n s f e r  o f  energy t o  
sma l l e r  eddies;  t h e  smal l  eddies decay f a s t e r  than  t h e  b i g  ones because o f  t h e  
h i ghe r  shear s t resses  between t h e  smal l  edd ies.  C a l c u l a t i o n  o f  (averaged) 
terms f r om unaveraged equat ions o f  mot ion  shows, as m igh t  be expected, t h a t  t h e  
f l o w  i s  dominated by non l i nea r  i n e r t i a l  e f f e c t s  a t  e a r l y  t imes and by v iscous 
e f f e c t s  a t  l a t e r  t imes ( f i g .  12 ) .  The n o n l i n e a r  e f f e c t s  a r e  assoc ia ted  w i t h  
bo th  v e l o c i t y  and p ressure  terms i n  t h e  unaveraged equat ions o f  mot ion,  even 
f o r  i s o t r o p i c  t u rbu lence .  S ince t h e  one- and two -po in t  averaged o r  c o r r e l a t i o n  
equa t ions  f o r  i s o t r o p i c  tu rbu lence  do n o t  c o n t a i n  p ressure  terms, t h e  e f f e c t s  
o f  p ressure  observed f o r  t h e  unaveraged equat ions must be con ta ined  i n  h i ghe r  
o rde r  averaged equa t ions .  The i n f i n i t e  h i e r a r c h y  o f  averaged equat ions should 
c o n t a i n  a l l  e f f e c t s ,  as do t h e  unaveraged equat ions.  The o n l y  p h y s i c a l  p roc -  
esses assoc ia ted  w i t h  p ressure  ( t h a t  we know abou t )  a r e  i n t e r d i r e c t i o n a l  
t r a n s f e r  and s p a t i a l  d i f f u s i o n  o f  t u rbu lence  (eq.  ( 14 ) ) .  I t  thus seems rea-  
sonable t o  a t t r i b u t e  t h e  observed p ressure  e f f e c t s  i n  t h e  unaveraged equat ions 
t o  those processes. Even though t h e r e  i s  no n e t  i n t e r d i r e c t i o n a l  t r a n s f e r  o r  
s p a t i a l  d i f f u s i o n  i n  i s o t r o p i c  tu rbu lence ,  those  processes can s t i l l  be l o c a l l y  
ope ra t i ve .  
The processes o c c u r r i n g  i n  i s o t r o p i c  t u rbu lence  thus i n c l u d e  t h e  f o l l o w -  
i ng :  n o n l i n e a r  randomizat ion,  n o n l i n e a r  s p e c t r a l  t r a n s f e r  (ma in l y  t o  sma l l e r  
sca les  o f  mot ion ) ,  zero n e t  ( b u t  n o t  zero) s p a t i a l  d i f f u s i o n  and t r a n s f e r  o f  
t u rbu lence  among d i r e c t i o n a l  components, gene ra t i on  o f  v o r t i c i t y  o r  s w i r l ,  and 
v iscous  d i s s i p a t i o n .  
I f  a  u n i f o r m  shear i s  p resen t  i n  t h e  f l ow ,  we have, i n  a d d i t i o n  t o  these  
processes, p r o d u c t i o n  o f  t u rbu lence  by t h e  mean-ve loc i ty  g rad ien t ,  n e t  t r a n s f e r  
o f  t u rbu lence  among d i r e c t i o n a l  components by p ressure  fo rces ,  and l i n e a r  
s p e c t r a l  t r a n s f e r  among sca les o f  mot ion  by t h e  mean g r a d i e n t .  The l a s t  o f  
these  processes r e s u l t s  i n  t h e  p r o d u c t i o n  o f  sma l l - sca le  f l u c t u a t i o n s  i n  t h e  
f l o w .  Th i s  can be a t t r i b u t e d  t o  a  mean-gradient t r a n s f e r  te rm i n  t h e  s p e c t r a l  
equa t i on  f o r  t h e  v e l o c i t y  f l u c t u a t i o n s  (eq. ( 2 6 ) ) .  A l though we f i r s t  d iscussed 
t h a t  t e rm  over  two decades ago, t h e  r ecen t  numer ica l  r e s u l t s  cons idered h e r e i n  
g i v e  t h e  f i r s t  g raph ic  demonst ra t ion o f  t h e  e f f e c t i v e n e s s  o f  t h a t  t e rm  i n  gen- 
e r a t i n g  a  sma l l - sca le  s t r u c t u r e  i n  t h e  t u rbu lence .  However, t h e  sma l l - sca le  
f l u c t u a t i o n s  produced by t h a t  t e rm  a lone  ( l i n e a r  s o l u t i o n )  a r e  e s s e n t i a l l y  
nonrandom. E v i d e n t l y ,  t h e  o n l y  way we can have a  t u r b u l e n t  l i n e a r  s o l u t i o n ,  
e i t h e r  w i t h  o r  w i t h o u t  mean g rad ien t s ,  i s  t o  p u t  t h e  t u rbu lence  i n  t h e  i n i t i a l  
c o n d i t i o n s .  To produce t h e  sma l l - sca le  t u rbu lence  f rom nonrandom i n i t i a l  con- 
d i t i o n s  observed h e r e i n  f o r  shear f l ow ,  t h e  presence o f  bo th  t h e  l i n e a r  mean- 
g r a d i e n t  t r a n s f e r  t e rm  and t h e  n o n l i n e a r  terms i n  t h e  equat ions i s  necessary. 
The former  term, o r  i t s  e q u i v a l e n t  i n  t h e  unaveraged equa t ion  (57), a c t s  l i k e  
a  chopper t h a t  chops t h e  f l o w  i n t o  sma l l - sca le  components. The l a t t e r  terms, 
w h i l e  they  a l s o  produce sma l l - sca le  components, a c t  most v i s i b l y  here  as 
randomlzers.  
I n  a l l  o f  t h e  uni form-shear cases c a l c u l a t e d  w i t h  cons tan t  p e r i o d i c  bound- 
a r y  c o n d i t i o n s ,  i n c l u d i n g  bo th  l i n e a r  and n o n l i n e a r  f l ows ,  t h e  pressure-  
v e l o c i t y - g r a d i e n t  c o r r e l a t i o n s  a r e  success fu l  i n  d i s t r i b u t i n g  energy among t h e  
d i r e c t i o n a l  components, so t h a t  t h e  t u rbu lence  o r  t h e  f l u c t u a t i o n s  a r e  maln- 
t a i n e d .  Th i s  i s  i n  s p i t e  o f  t h e  presence o f  a  p roduc t i on  te rm i n  t h e  equa t ion  
f o r  o n l y  one o f  t h e  components. Both t h e  l i n e a r  mean-gradient t r a n s f e r  t e rm  
and t h e  non l i nea r  terms mentioned i n  t he  preceding paragraph have a  s t a b i l i z i n g  
e f f e c t .  That i s ,  they cause the  f l u c t u a t i o n s  t o  inc rease  a t  a  slower r a t e .  
The reason i s  t h a t  bo th  terms t r a n s f e r  energy t o  smal l  eddies, where i t  i s  
d i s s i p a t e d  more e a s i l y .  I t  i s  shown t h a t ,  a t  l e a s t  f o r  t he  l i n e a r i z e d  s o l u t i o n  
w i t h  constant  p e r i o d i c  boundary cond i t ions ,  a  mean-gradient source t e rm  i n  t he  
Poisson equat ion f o r  t he  pressure i s  necessary f o r  ma in ta in i ng  t he  f l u c t u a t i o n s  
aga ins t  t he  d i s s i p a t i o n .  That term should p l a y  a  s i m i l a r  impor tan t  r o l e  i n  t he  
maintenance o f  non l i nea r  turbulence,  a l though i n  t h a t  case i t  i s  hard t o  sepa- 
r a t e  t he  l i n e a r  e f f e c t s  f rom the  non l i nea r  ones. For t he  l i n e a r i z e d  unbounded 
s o l u t i o n  (ob ta ined  by us ing  unbounded Fou r i e r  t ransforms)  t h e  f l u c t u a t i o n s  
decay, as expected f rom e a r l i e r  r e s u l t s .  
When the  mean-veloci ty g rad ien t  i s  suddenly removed, t h e  t u r b u l e n t  shear 
s t ress  goes t o  zero i n  a  f i n i t e  t ime, and the  ve loc i ty -p ressure-grad ien t  cor-  
r e l a t i o n s  cause the  tu rbu lence  t o  a t t a i n  t he  i s o t r o p i c  s ta te .  The i n t e n s i t i e s  
o f  t h e  d i r e c t i o n a l  components become and remain equal.  I n  a d d i t i o n ,  t h e  smal l -  
sca le  s t r u c t u r e  produced by t h e  mean-gradient t r a n s f e r  term q u i c k l y  vanishes 
( f i g .  25).  F igu re  25 shows, i n  a  p a r t i c u l a r l y  graphic  manner, t h e  e f f e c t i v e -  
ness o f  t h e  mean-gradient chopping term i n  equat ion (57) i n  producing smal l -  
sca le  t u r b u l e n t  s t r u c t u r e .  
For a  developing shear l a y e r  the  tu rbu lence  i s  inhomogeneous and, i n  
a d d i t i o n  t o  t h e  processes considered so f a r ,  a  n e t  s p a t i a l  d i f f u s i o n  o f  tu rbu-  
lence occurs.  The th ickness o f  t he  shear l aye r ,  which i s  i n i t i a l l y  zero, 
increases w i t h  t ime because o f  t h e  presence o f  t u r b u l e n t  and v iscous shear 
s t resses.  Except a t  very e a r l y  t imes the  growth o f  t h e  shear l a y e r  i s  almost 
complete ly  dominated by t h e  t u r b u l e n t  shear s t ress .  As t ime increases,  an 
i n tense  concent ra t ion  o f  t u r b u l e n t  energy develops near t he  p lane where t he  
mean-veloci ty g rad ien t  i s  i n i t i a l l y  i n f i n i t e .  The tu rbu lence  i s  h i g h l y  inhomo- 
geneous. The ca l cu la ted  tu rbu lence  p roduc t i on  i s  always p o s i t i v e ,  and i s  
l a r g e s t  near t he  p lane where t he  v e l o c i t y  g rad ien t  i s  i n i t i a l l y  i n f i n i t e .  The 
pressure and the  k i n e t i c  energy d i f f u s i o n  a re  negat ive  near t h a t  p lane  and 
p o s i t i v e  away f rom i t .  Thus, they remove t u r b u l e n t  energy f rom the  high-energy 
reg ion  and depos i t  i t  where t he  energy i s  lower.  Both d i f f u s i o n  processes 
t h e r e f o r e  tend t o  make t h e  tu rbu lence  more homogeneous. 
A comparison o f  the  var ious  t r a n s f e r  and d i f f u s i o n  processes o c c u r r i n g  i n  
tu rbu lence  i s  o f  i n t e r e s t .  The spec t ra l  t r a n s f e r  processes remove energy f rom 
wave-number ( o r  eddy s i z e )  reg ions where t he  energy i s  h i g h  and depos i t  i t  i n  
reg ions  o f  lower energy. The d i r e c t i o n a l  t r a n s f e r  processes remove energy f rom 
high-energy d i r e c t i o n a l  components and depos i t  i t  i n  a  d i r e c t i o n a l  component 
( o r  components) where t he  energy i s  lower.  The tu rbu lence  d i f f u s i o n  processes 
remove energy f rom regions o f  space where the  energy i s  h i g h  and depos i t  i t  i n  
reg ions o f  lower energy. The spec t ra l  t r a n s f e r ,  d i  r e c t i o n a l  t r a n s f e r ,  and 
tu rbu lence  d i f f u s i o n  processes tend, r espec t i ve l y ,  t o  make t h e  tu rbu lence  more 
un i f o rm  i n  wave-number space and more i s o t r o p i c  and homogeneous i n  phys i ca l  
space. 
By adding a  s p a t i a l l y  p e r i o d i c  body-force term t o  t h e  Navier-Stokes equa- 
t i o n s ,  a  s o l u t i o n  i s  obta ined i n  which t h e  f l o w  f i r s t  passes through laminar  
and t r ans i t i on - - t o - t u rbu lence  stages. The tu rbu lence  then q u i c k l y  s e t t l e s  down 
t o  a  s t a t i s t i c a l l y  steady s ta te .  I n  t h i s  l a s t  stage the  f l o w  appears t o  have 
c h a r a c t e r i s t i c s  corresponding t o  those o f  a  s t range a t t r a c t o r .  
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Ini t ial  conditions use eq. (40) with 
first set of signs 
------ Init ial  conditions perturbed 0.1 
percent 
(a) xp = x$ = 91/8, 3 = 31/8, for unaveraged fluctuations. 
(b) xr = X* = X* = I, for unaveraged fluctuations. 2 3 
Figure 1. - Calculated evolution of turbulent velocity fluctuations (normalized by initial condition) 
for a high Reynolds nwnber /v = 2217. No mean shear; root-mean-square fluctuations 
spatially averaged; 323 grid points. 
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Figure 2. - Effect o f  numerical mesh size on calculated evolution of velocity fluctuations. No mean 
xo/v = 2217; xi* = r (at  grid center). 
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Figure 3. - Calculated correlation coefficient for velocities a t  dimensionless times t; and t; 
3 plotted against t* - t*. No mean shear; /v = 2217; 32 gr id points. 
Figure 4. - Calculated correlation coefficient for two velocity components plotted against dimension- 
less time. No mean shear; xo/u = 2217; 323 gr id points. 
Figure 5.  - Calculated evolution of  veloci ty-derivative skewness factor. No mean shear; 
3 (qr2 x 0 /u = 2211; 32 grid points. 
Figure 6. - Calculated trajectory of  phase point projected on u -u plane x* = x* = 9fl/8, 1 2  1 2  
x* = 3fl/8, and 0.00236 < t* < 0.0108. Arrows indicate direction of  time. No mean shear; 3 









2 Figure 7. - Ef fect  o f  numerical mesh size on evolution o f  u a t  low and moderate Reynolds numbers. 
- -  - - 
2 2  2 2 NO mean shear. u = u 1 = U 2  = U 3 '  
Figure 8. - Calculated evolution o f  mean-square-veloci t y  fluctuations (normal i zed by i n i t i a l  value) 
2 2  2 2 for various i n i t i a l  Reynolds numbers. No mean shear; u = u 1 = U2 = u3 ; extrapolated t o  mesh 
size. 
Figure 9.. - Calculated evolution o f  microscale o f  velocity fluctuations (normal ized by i n i t i a l  
value) f o r  various i n i t i a l  Reynolds numbers. No mean shear; extrapolated t o  zero mesh size. 
- 
2 Figure 10. - Calculated development of mean-square-vortici t y  f luctuations w or  dissipation c 
(normal i zed by i n i t i a l  value) f o r  various i n i t i a l  Reynolds numbers. No mean shear; extrapolated 
t o  zero mesh s i  fe. 
Figure 11. - Calculated evolution of mean-square pressure f luctuat ion (normal ized by i n i t i a l  value) 
f o r  various i n i t i a l  Reynolds numbers. No mean shear. Extrapolated t o  zero mesh size. 
Figure 12. - Three measures o f  re la t i ve  irrportance o f  i n e r t i a l  and viscous ef fects p lo t ted  against 
- 1/2 
dimensionless time. No mean shear; u2 x /v = 69.3; i = 1, 2, o r  3; extrapolated t o  zero mesh 
si  ze . 0 0 
Initial conditions use eq. (40) 
with first set of signs 
----- Initial conditions perturbed 
0.1 percent 
C U O  
(a) (dUl/dx2)* = 0. 
(b) (dUl/dxp)* = 4434. 
Figure 13. - Effect of uniform shear on calculated evolution of nonlinear turbulent velocity 
fluctuations (normalized by initial value) for a high Reynolds number [(?)'I2 xo/v = 1108 . 
3 Rootmean-square fluctuations are spatially averaged; 32 grid points; x* = x* = 9v/8, 
x* = 3n/8 for unaveraged fluctuations. 1 2  3 
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Figure 14. - Calculated evolution o f  1 inearized velocity fluctuations (normal ized by i n i t i a l  value). 
3 
/V = 1108; xi* = * = 91r18; 3* = 31r/8; 32 g r i d  points. 
"2 
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x; ' x2/x0 
cr plot ted against x$ f o r  unbounded Figure 15. - Linearized analyt ical solution fo r  u / u 
(2) '12 (eq. (60)) . x* = 91r/8; $ = 31r/8; (dy /d3 )* = 4434; 8 /v  = 1 108. 1 
Figure 16. - Nonlinear solution for u plotted against x;. x; = 9r/8; 9 = 3n/8; 
(7)'" (du /dx )* = 4434; uo x /v = 1108; 3 2  grid points. 1 2  0 
Figure 17. Nonlinear solution for u plotted against x;. x$ = 9n/8; % = 3n/8; 
3 (dUl/dx2)* = 4434; x /v  = 1108; 32 grid points. 0 
Figure 18. - Calculated cross-correlation coefficients (i # j) plotted against dimensionless time. 
- 
-1 /2 
(dUl/dx2)* = 4434; u2 xo/v = 1108; 3z3 grid points. 0 
Figure 19. - Calculated evolution of mean-square velocity components 
3 (7j12xo/v = 1108; 32 grid points. 
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Figure 20. Effect of numerical mesh size on evolution of u2 . (dUl/dx2)* = 4434; (q'/2xo/v = 1108. 
1 - 
I Linearized 
-2 r I solution, 
unbounded, \ 
i = 2 (eq. (60)) y,i= 1
Figure 21. - Calculated evolution of pressure-veloci ty-gradient correlations 
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Figure 22. - Evolution of  
u2 for various 1 inear and nonlinear solutions. (dUl/dx2)* = 4434; (2)'/2xo/v = 1108. 
Figure 23. - Calculated approach to  isotropy o f  uniformly sheared turbulence upon sudden removal 
- 
3 the shear. (u$3'2x0/v = 1108; 32 grid points. 
Figure 24. - Calculated evolution of cross-correlation coefficients upon sudden removal of uniform 
3 
shear. @)I'2xo/v = 1 lOf3; 32 grid points. 
Figure 25. - Effect of removal of uniform shear on structure of turbulence. @r2 x /n = 1108; 
3 0 32 grid points. 
Figure 26. - Calculated development of shear layer mean-veloci ty profile with dimensionless time. 
3 (~1/2x0/v = 554; V* = 2216 in eq. (11); 32 grid points. 
Figure 27. - Calculated time variat ion o f  r a t i o  o f  turbulent-to-vi scous shear stress fo r  developing 
shear layer a t  x2 = IT. G)1/2*g/v = 554; V* = 2216 i n  eq. (71); 323 g r i d  points. 
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Figure 28. - Calculated evolution o f  turbulent velocity f luctuations (normal i zed by i n i t i a l  value) 
f o r  developing shear layer. Unaveraged fluctuations are calculated a t  center o f  numerical g r i d  
(xp = IT) . Rootmean-square f luctuations are averaged over x* 1 and x* 3 a t  central plane 
* 
x2'. IT. G)'/2a/v = 554; V* = 2216 i n  eq. (71); 323 g r i d  p i in ts .  - 
Figure 29. - Development of dimensionless kinetic energy profile with dimensionless time for develop- 
- 1/2 
ing shear layer. (u:) xolv = 554; V* = 2216 in eq. (71) ; 323 grid points. 
Figure 30. - Plot of terms in one-point correlation equation for kinetic energy (eq. (73)) for devel- 
oping shear layer. x d v  = 554; V* = 2216 in eq. (71) ; t* = 0.000293; 323 grid points. 
C - Laminar flow - -3 





Figure 31. - Calculated evolution o f  turbulent velocity fluctuations (normalized by i n i t i a l  condi- 
t ion) with a spat ia l ly  periodic body force. ( ~ ) l / 2 x o / v  = 138.6; xi* = = 9r/8; 3 = 3n/8 fo r  
unaveraged f 1 uctuat ions. Rootmean-square f 1 uctuat ions spatial  1 y averaged; 323 g r i d  poi nts. 
Figure 32. - Calculated trajectory o f  phase point projected on u -u plane a t  numerical g r i d  
2 3 
center with a spat ia l ly  periodic body force. 0.26 < t* < 0.32; (t)1/2 x /V = 138.6; 323 g r i d  
points. Arrows indicate direct ion o f  time. 0 
BYPASS TRANSITION TO TURBULENCE AND RESEARCH DESIDERATA 
Mark V .  Morkov in  
I l l i n o i s  I n s t i t u t e  o f  Technology 
Chicago, I l l i n o i s  60616 
Bypass t r a n s i t i o n s  a re  seldom mentioned i n  t e x t s  o r  meet ings on i n s t a b i l -  
i t y  and t r a n s i t i o n  t o  w a l l  t u rbu lence .  L i k e  poor  r e l a t i o n s ,  t h e y  a r e  u n t i d y ;  
t h e y  s p o i l  t h e  b e a u t i f u l  o r d e r l y  s t r u c t u r e  o f  i n s t a b i l i t y  t h e o r i e s  and devalue 
o u r  r a t i o n a l  t o o l s  f o r  improved unders tanding o f  t h e  onset  o f  t u rbu lence  i n  
boundary l a y e r s ,  p ipes,  and ducts .  I s h a l l  f i r s t  t r y  t o  i l l u s t r a t e  t h e  n a t u r e  
o f  a  number of bypass t r a n s i t i o n s  by examples. L i k e  a  Sunday preacher,  I w i l l  
use v i s u a l i z a t i o n s  o f  concre te  phenomena t o  have something t o  preach about  and 
t o  convey a  p h y s i c a l  f e e l i n g  f o r  t h e  assoc ia ted  mechanisms whenever p o s s i b l e .  
HISTORIC BYPASS - THE BLUNT-BODY PARADOX 
Tu rbu len t  wedges on b l u n t  noses ( f i g .  1 )  was t h e  f i r s t  c l a s s  o f  bypass 
i d e n t i f i e d  ( r e f .  1 ) .  The f a c t  t h a t  t r a n s i t i o n  occur red  ve ry  e a r l y  on many 
s p h e r i c a l  noses was a  shock t o  des igners  o f  r e e n t r y  v e h i c l e s  i n  1957. A l l  
t h e o r i e s  s a i d  t h a t  t h e  acce le ra ted  cooled boundary l a y e r  was s t a b l e ,  and y e t  
f l i g h t  t e s t s  ( r e f .  2) showed t r a n s i t i o n  on t h e  nose f o r  l am ina r  Reynolds num- 
bers  based on t h e  momentum th i ckness  Ree o f  t h e  o r d e r  o f  100 t o  200. Two 
m u l t i m i l l i o n  d o l l a r  c o n t r a c t s  based on copper hea t  s i n k s  "melted away" w i t h  
t h i s  f i n d i n g  o f  h i g h  t u r b u l e n t  hea t  t r a n s f e r .  Tens o f  m i l l i o n s  o f  d o l l a r s  were 
l o s t  because t h e  pa th  t o  t u rbu lence  bypassed a l l  known t h e o r i e s .  Ten years  
l a t e r  I co ined  t h e  word I1bypassfl t o  desc r i be  t h i s  "b lunt -body paradoxn and t o  
d r i v e  home t o  des igners  t h a t  we cannot t r u s t  s t a b i l i t y  t h e o r y  a lone.  P r e d i c t -  
i n g  t r a n s i t i o n ,  w i t h o u t  a l l o w i n g  f o r  bypasses, remains r i s k y .  To t h i s  day, t h e  
mechanism o f  t h e  e a r l y  t r a n s i t i o n  on b l u n t  bodies remains unexplained. Many 
c lasses  o f  bypass, as Bob Graham descr ibed  i n  t h e  I n t r o d u c t i o n ,  a re  due t o  
l a r g e  d is tu rbances ,  b u t  t h e r e  a r e  no c l e a r l y  l a r g e  d is tu rbances  e v i d e n t  i n  t h e  
b lunt -body paradox. I found w a l l  roughness t o  be t h e  most l i k e l y  c o n t r i b u t o r  
t o  t h e  phenomenon ( r e f .  3, sec t i ons  111-6 and 111-9). When t h e  m i r r o r  f i n i s h  
on NASA Lewis t e s t  v e h i c l e s  ( p r o t e c t e d  by p l a s t i c  sheets up t o  t h e  t e s t  a l t i -  
tudes)  d i d  n o t  keep t h e  roughness below 5  ? i n  rms, a  bypass occurred.  Even 
10 -? i n  roughness i s  ve ry  smal l  ( n o t  t r u l y  measurable by most mechanical p r o f i l -  
ometers);  y e t  i t  was i n  some sense excess ive  f o r  t h e  t h i n  boundary l a y e r s  i n  
t h e  g i v e n  f l i g h t  d i s t u rbance  environment.  U n t i l  we t r u l y  understand why t h i s  
i s  so, p r e d i c t i n g  t r a n s i t i o n  on t h e  bas i s  o f  t h e o r y  o r  s t a t i s t i c a l l y  inadequate 
c o r r e l a t i o n s  (as t h e y  a l l  a r e )  e n t a i l s  r i s k s  t h a t  should  be cons idered i n  
j u s t i f y i n g  any des ign  i n v o l v i n g  t r a n s i t i o n .  
CONCEPT OF MINIMUM REYNOLDS NUMBER FOR SELF-SUSTAINING WALL TURBULENCE 
AND LATERAL CONTAMINATION 
F i g u r e  1  a l s o  i l l u s t r a t e s  t h e  concept o f  t h e  t u r b u l e n t  Ree,,,in. To 
me, a  most impo r tan t  concept i s  t h a t  a t  c e r t a i n  low Reynolds numbers a  tempo- 
r a r i l y  t u r b u l e n t  boundary l a y e r  cannot s u s t a i n  i t s e l f .  I f  made t u r b u l e n t  
th rough  f o r ced  l o c a l  separa t ion ,  i t  re l am ina r i zes .  Re lam ina r i za t i on  i n  acce l -  
e r a t i n g  boundary l a y e r s  on.smooth spheres o r  c y l i n d e r s  i s  known t o  occur  w i t h i n  
15" t o  20' f rom t h e  s tagna t i on  p o i n t ,  a t  l e a s t  f o r  t h e  Reynolds number based 
on t h e  d iameter  o f  t h e  sphere o r  c y l i n d e r  R ~ D  i n  t h e  range 3x104 t o  3x105. 
Sustenance o f  t u r b u l e n t  " b u r s t i n g "  processes near t h e  w a l l  i s  t h e  c r u c i a l  fea -  
t u r e .  A v e h i c l e  r e t u r n i n g  f r om a  Mars m i ss i on  must remain below Ree,,,in 
o r  c a r r y  e x t r a  we igh t  i n  r e t r o r o c k e t s  and t h e i r  f u e l  so as n o t  t o  burn  up i n  
E a r t h ' s  atmosphere. One o f  t h e  most impo r tan t  r e s u l t s  t h a t  should come ou t  o f  
any bypass t r a n s i t i o n  research i s  c o n s i s t e n t  i d e n t i f i c a t i o n  o f  Ree,mjn f o r  
t h e  d i f f e r e n t  boundary- layer  c lasses.  
I n  f l a t - p l a t e  boundary l a y e r s  ( f i g .  1 )  d i s tu rbances  were i n t r oduced  
( r e f s .  4  and 5) th rough  l a r g e  i s o l a t e d  roughnesses o r  sparks.  One o f  t h e  p r i -  
mary e f f e c t s  o f  such l a r g e  d is tu rbances  i s  l o c a l  boundary- layer separa t ion ,  
which b r i n g s  about h i g h l y  uns tab le  i n f l e c t i o n a l  p r o f i l e s .  An e a r l y  t r a n s i t i o n  
on an i n f l e c t i o n a l  p r o f i l e  may o r  may n o t  grow. I t  may r e l a m i n a r i z e  a f t e r  
reat tachment  as a l r eady  mentioned. The non-Blas ius boundary l a y e r  may s u s t a i n  
t u rbu lence  i n  t h e  narrow wake ( f i g .  1 ) .  The wake d ive rges  s l ow l y  and para-  
b o l i c a l l y ,  as a  t u r b u l e n t  d i f f u s i n g  wake w i l l  do when t h e  boundary l a y e r  n e x t  
t o  i t  remains comp le te ly  laminar  and s t a b l e .  A t  some s tage t h e  ne ighbo r i ng  
B l a s i u s  l a y e r ,  t h e  boundary l a y e r  i n  which we a re  I n t e r e s t e d ,  suddenly " a l l o w s "  
t h e  t u rbu lence  t o  spread a long  a  t u r b u l e n t  wedge- f ront ,  maklng an ang le  o f  8" 
t o  11' w l t h  t h e  streamwise d i r e c t i o n .  The beg inn ing  o f  t h e  w ider  spreading 
l o c a t e s  Ree,,,in e m p i r i c a l l y .  The spreading 'IS c a l l e d  t r a n s l t i o n  by t r a n s -  
ve rse  o r  l a t e r a l  contaminat ion.  Note t h a t  t h e r e  i s  n o n t r i v i a l  u n c e r t a i n t y  i n  
p i n p o i n t i n g  t h i s  l o c a t i o n  - a  ma t t e r  o f  s u b j e c t i v e  judgment. For t h e  f l a t  
p l a t e  t h i s  l o c a t i o n  co inc i des  very  n e a r l y  w i t h  t h a t  o f  t h e  T o l l m l e n - S c h l i c h t i n g -  
Schubauer (TS) c r i t i c a l  Reynolds number Recr f o r  t he  growth o f  i n f i n i t e s i m a l  
d i s t u rbances .  Th i s  was n o t i c e d  by D r .  H . L .  Dryden some 9 years be fo re  he 
became head o f  NASA. We then have a  l a r g e  d i s t u rbance  and y e t  i t s  i n i t i a t i o n  
o f  t u rbu lence  I n  a  B las i us  l a y e r  co i nc i des  w l t h  t h e  i n f i n i t e s i m a l  I n s t a b i l i t y  
c r i t e r i o n .  We now know t h a t  t h i s  happens t o  be a  co inc idence ,  though I t  i s  
s t i l l  n o t  understood. 
FLOWS WITH KNOWN Ree,,ln AND Recr 
On spheres and c i r c u l a r  c y l i n d e r s  Rec, and Ree,,qn have a  comp le te ly  
d i f f e r e n t  r e l a t i o n s h i p :  Ree mjn can be s u b s t a n t i a l l y  below Recr. Because o f  
t h e  p ressure  g r a d i e n t  my con jec tu re  i s  t h a t  Ree min depends on Reg - a l l  
unexplored research  t e r r i t o r y .  For p j p e  f l o w s  kecr i s  I n f j n i t e ,  whereas 
Reg f o r  s e l f - s u s t a i n e d  w a l l  b u r s t i n g  j n  so - ca l l ed  t u r b u l e n t  s lugs ( r e f .  6 )  
i s  about 2700. (The f l o w  conf inement i n  p ipes  makes p o s s i b l e  a  d i f f e r e n t  mode 
of steady se l f - sus tenance  o f  t u rbu lence  a t  an Reg o f  about 2200, t h e  p u f f  
t u rbu lence  ( r e f .  6 ) ;  t h i s  t u rbu lence  i s  presumably sus ta ined  by s e l f -  
p e r p e t u a t i n g  i n f l e c t i o n a l  i n s t a b i l i t y  t a k i n g  p l ace  away f r om t h e  w a l l . )  I n  
two-dimensional  P o i s e u i l l e  duc t  f l ows  Recr based on h a l f  o f  t h e  d i s t a n c e  
between t h e  p a r a l l e l  p l a t e s  i s  approx imate ly  5770; growing and convec t ing  t u r -  
b u l e n t  patches, however, a r i s e  spontaneously ( r e f .  7 )  a t  t h e  low Re o f  about  
1500, t h e  e f f e c t i v e  mlnimum Reynolds number. The na tu re  o f  t h i s  t r a n s i t i o n  
remains unknown - another  bypass. The p h y s i c a l  conf inement enhances t h e  r o l e  
o f  unsteady p ressure  f l u c t u a t i o n s ,  which spread e l l i p t i c a l l y  i n  a l l  d i r e c t i o n s  
a t  l a r g e  e f f e c t i v e  r a t e s .  
One unconf ined boundary l a y e r  a l s o  ma in ta ins  cons tan t  th i ckness  and 
t h e r e f o r e  cons tan t  Ree a l l  a long  i t s  l eng th :  t h e  boundary l a y e r  a l ong  
t h e  at tachment  l i n e s  on a  swept wing o f  cons tan t  chord o r  on an i n c l i n e d  l ong  
c y l i n d e r .  For such at tachment l a y e r s  Ree min i s  approx imate ly  100 
( r e f .  8 ) .  whereas t h e  c r i t i c a l  Ree i s  236 ( r e f .  9 ) .  Forced t u r b u l e n t  
spots  a t  Ree below 100 r e l a m i n a r i z e  as they  t r a v e l  a l ong  t h e  b l u n t  lead-  
i n g  edge; c l e a r l y  t h i s  i n f o r m a t i o n  i s  r e l e v a n t  i n  turbomachlnery.  
The i n f o r m a t i o n  i n  t h e  p reced ing  paragraph e s s e n t i a l l y  exhausts our  know- 
ledge concern ing  Ree,,in. Before we go on t o  o t h e r  types o f  bypass, we 
should  comment on an assumption t h a t  i s  o f t e n  h idden i n  t h e  exper imenta l  
accounts .  S ince we a r e  d e a l i n g  w i t h  se l f -sustenance o f  tu rbu lence ,  t h e  momen- 
tum th i ckness  e  should r e f e r  t o  t h e  n o n i n t e r m i t t e n t ,  t u r b u l e n t  boundary 
l a y e r  a t  t h e  g i ven  l o c a t i o n  x. We can o f t e n  measure o r  a t  l e a s t  compute w i t h  
some degree o f  assurance t h e  laminar  v e l o c i t y  p r o f i l e ,  and hence elarn, as a  
f u n c t i o n  o f  x  b u t  n o t  t h e  new t u r b u l e n t  p r o f i l e .  I f  a  laminar  p r o f i l e  were 
t o  t u r n  t u r b u l e n t  " i n s t a n t a n e ~ u s l y ~ ~  a t  t h e  g i ven  x, w i t h o u t  t h e  i n t e r v e n t i o n  o f  
a  drag-produc ing element, e turb would equal  elam. A l l  o f  t h e  Ree,min va lues 
quoted above a r e  understood i n  t h i s  sense. A u s e f u l  d i s c u s s i o n  o f  t h e  r e l a t i o n  
between cont iguous laminar  and t u r b u l e n t  boundary l a y e r s  and o f  t r a n s i t i o n  
t r i p p i n g  dev ices i s  due t o  Preston ( r e f .  10 ) .  F i n a l l y ,  we should observe t h a t  
t h e  mechanism o f  l a t e r a l  con tamina t ion  i s  d i s t i n c t  f rom t h e  mechanism t h a t  
o r i g i n a l l y  caused t h e  tu rbu lence .  L a t e r a l  con tamina t ion  by t u r b u l e n t  wedges 
o r  i n t e r m i t t e n t  t u r b u l e n t  spots i n  boundary l a y e r s  t h e r e f o r e  represen ts  a  
separate  bypass mode t h a t  can be p resen t  anywhere downstream o f  Ree,),. 
There i s  no t heo ry  nor  even a  crude model f o r ,  say, t h e  ang le  o f  l a t e r a l  con- 
t a m i n a t i o n  as a  f u n c t i o n  o f  p ressure  g r a d i e n t  and Mach number. A t  supersonic 
speeds i t  can be as low as 5". 
BROAD CLASSIFICATION OF LARGE DISTURBANCES 
Large l ldisturbancesll  t h a t  can cause bypass t r a n s i t i o n  I n  o therw ise  
smoothly deve lop ing  boundary l a y e r s  can be steady o r  unsteady and can o r i g i n a t e  
i n  t h e  oncoming stream o r  a t  t h e  body sur face .  One way t o  l ook  f o r  t h e  poten- 
t i a l  causes o f  bypasses o f  a l l  e s t a b l i s h e d  stability t h e o r i e s  i s  t o  ask what 
f e a t u r e s  make p o s s i b l e  t h e  a n a l y s i s  o f  t h e  i n s t a b i l i t y  mechanisms besides t h e  
presence o f  smal l  d i s tu rbances .  I n v a r i a b l y  t h e  base f lows  t h a t  a r e  pe r t u rbed  
t o  s tudy  t h e  i n s t a b i l i t i e s  a re  cha rac te r i zed  by dependence on a  minimum o f  
independent v a r i a b l e s  ( x ,  y, z, and t) and o t h e r  parameter: such as w a l l  cu r -  
v a t u r e  and sweepback. The smoothly d i s t r i b u t e d  v o r t i c i t y  a o f  t h e  base f l o w  
i s  g e n e r a l l y  o r i e n t e d  a long  a  s i n g l e  coord ina te ,  spanwise o r  az imutha l  ( i n  
ax isymmetr ic  shear l a y e r s ) .  The per tu$bat io?s $f t h e  n o n l i n e a r  v o r t i c i t y -  
r o t a t i n g  and - s t r e t c h i n g  source t e rm  a grad(V) i n  t h e  v o r t i c i t y  equa t ion  i s  
then  absent  from t h e  l i n e a r i z e d  p e r t u r b a t i o n  equat ions.  The assoc ia ted  power- 
f u l  i n v i s c i d  v o r t i c i t y - g e n e r a t i n g  mechanism thus  remains i n o p e r a t i v e  i n  t h e  
f i r s t  ( p r i m a r y )  i n s t a b i l i t y .  I f ,  however, t h e r e  i s  a  s u f f i c i e n t l y  l a r g e  steady 
de fo rma t i on  o f  t h e  w a l l  o r  i f  a  s u f f i c i e n t l y  l a r g e  steady secondary f l o w  o r  
shear l a y e r  i n  t h e  stream such as a  wake f r om an upstream s t a t o r  Jn te rac ts  w i t h  
t h e  boundary l a y e r ,  t h e  base f l o w  possesses a  three-d imensional  a t o  s t a r t  
w i t h .  When we p e r t u r b  these f lows ,  t h e  e x t r a  v o r t i c i t y - g e n e r a t i n g  mechanism 
i s  then  p resen t  i n  t h e  p r imary  i n s t a b i l i t y  and i s  l i k e l y  t o  l ead  t o  an e a r l i e r  
t r a n s i t i o n .  The steady l a r g e  d is tu rbances  would cause a  bypass o f  t h e  known, 
analyzed i n s t a b i l i t y  p a t t e r n s .  
S i m i l a r l y  a  l a r g e  unsteady d i s t u rbance  can make t h e  base f l o w  t e m p o r a r i l y  
h i g h l y  uns tab le .  I f  t h e  i n s t a b i l i t y  i s  ve ry  f a s t ,  i t  may be completed be fo re  
t h e  o r i g i n a l  l a r g e  d i s t u rbance  runs i t s  course and thus generate  a  bypass. 
I n f l e c t i o n a l  i n s t a b i l i t i e s  and t h e  r o t a t e - s t r e t c h  mechanism i n  p a r t i c u l a r  can 
be very  r a p i d  i n  many p r a c t i c a l  s i t u a t i o n s .  
The d i s t r i b u t e d  v o r t i c i t y  i n  t h e  base f l o w  may be l i k e n e d  t o  an a m p l i f i e r  
system. Steady and unsteady l a r g e  d is tu rbances  can r e d i s t r i b u t e  t h e  v o r t i c i t y  
enough t o  make t h e  a m p l i f i e r  a c t  more power fu l l y  and i n  new modes n o t  e x c i t a b l e  
i n  t h e  o r i g i n a l  a m p l i f i e r  system. I n  t h e  examples g iven,  t h e  l a r g e  d is tu rbances  
d i d  j u s t  t h a t .  Besides a c t i n g  i n  t h i s  r o l e  of a  m o d i f i e r  o f  t h e  a m p l i f i e r  
system, l a r g e  d is tu rbances  i n v a r i a b l y  p r o v i d e  d i r e c t  i n p u t  i n t o  t h e  a m p l i f i e d  
s i g n a l ,  h i ghe r  i n  i n t e n s i t y  and r i c h e r  i n  spa t io tempora l  s p e c t r a l  con ten t .  
Th is  i s  a l s o  t h e  r o l e  ass igned t o  t h e  nenvironment'l i n  sma l l -d i s tu rbance  
t heo ry .  Unsteady p o t e n t i a l  p ressure  g rad ien t s  ( i n c l u d i n g  sound), en t ropy ,  and 
v o r t i c i t y  f l u c t u a t i o n s  and nonhomogenit ies i n  t h e  s t ream can a l l  i nduce  
uns tab le  v o r t i c i t y  e i gen func t i ons  i n  boundary l a y e r s  th rough  many mechanisms 
b road l y  c a l l e d  r e c e p t i v i t y .  L i n e a r i z e d  q u a n t i t a t i v e  t h e o r i e s  o f  r e c e p t i v i t i e s  
t o  t h e  d i f f e r e n t  s t ream d is tu rbances  a r e  c u r r e n t l y  under development. 
The inc reased  i n t e n s i t y  o f  t h e  d is tu rbances  should make t h e  same p r ima ry  
i n s t a b i l i t i e s  develop f a s t e r  and f a r t h e r  upstream. Th i s  i s  impo r tan t  even 
though n o t  s t r i c t l y  a  bypass behav io r .  However, f i n i t e  ampl i tudes should  open 
up a d d i t i o n a l  threshold-dependent i n s t a b i l i t i e s  i n  t h e  "en la rged  a m p l i f i e r  
system." Many i n t e r a c t i v e  i n s t a b i l i t i e s  ( r e f .  11 ) ,  which a r e  r e l e g a t e d  t o  
secondary i n s t a b i l i t i e s  i n  sma l l -d i s tu rbance  environments,  may emerge as 
p r ima ry  i n s t a b i l i t i e s  and a l t e r  t h e  p a t h  t o  tu rbu lence .  Admi t ted ly ,  many o f  
these  p o s s i b i l i t i e s  a r e  specu la t i ve ,  s imp ly  because no r e l i a b l e  s t ud ies  have 
been repo r t ed  on t h e  i n s t a b i l i t y  c h a r a c t e r i s t i c s  i n  boundary l a y e r s  f o r c e d  by 
l a r g e  three-d imensional  d i s tu rbances ,  i n  which a t  l e a s t  two o f  t h e  t h r e e  rms 
f l u c t u a t i o n  l e v e l s  u ' ,  v ' ,  and w' exceed 3 percen t  o f  t h e  mean f ree-s t ream 
' v e l o c i t y  Ue. I f  we compare these 3-percent magnitudes t o  those p resen t  a t  
t h e  onset  o f  t u rbu lence  i n  a  B las i us  l a y e r  a t  t h e  He rbe r t  breakdown ( r e f .  11) .  
we can a p p r e c i a t e  b e t t e r  t h e  p o s s i b i l i t i e s  o f  I n t e r a c t i v e  i n s t a b i l i t i e s .  These 
l a t t e r  d i s tu rbances  correspond rough l y  t o  a  umax o f  t h e  fundamental TS wave 
o f  t h e  o rde r  o f  0.01 Ue and t o  s i m i l a r  ampl i tudes o f  t h e  resonant  skew sub- 
harmonic and of t h e  r e s t  of t h e  broadband spectrum. S ince rms f l u c t u a t i o n s  
add i n  t h e  square, t h e  f o r c i n g  l a r g e  d is tu rbances  w i t h  nonresonant u '  % 0.03 
Ue exceed t h e  d is tu rbances  i n  observed cases o f  i n c i p i e n t  t u rbu lence .  
H e r b e r t ' s  f n t e r a o t i o n  can beg in  a t  l e v e l s  o f  t h e  fundamental u '  % 0.006 Ue 
and t h e  subharmonic a t  u '  % 0.0006 Ue. I n  v iew o f  such i n d i r e c t  i n f o r m a t i o n  
t h e  l i k e l i h o o d  o f  i n t e r a c t i v e  i n s t a b i l i t i e s  becoming p r ima ry  appears q u i t e  
p l a u s i b l e .  Ment ion ing  such p o s s i b i l i t i e s  i s  in tended  p r i m a r i l y  t o  s t i m u l a t e  
t h e  imag ina t i on  o f  those  embarking on research  i n t o  l a r g e  d is tu rbances ,  and n o t  
as a  p r e d i c t i o n .  
LARGE WALL DISTORTIONS AND HORSESHOE VORTICES 
We have e s t a b l i s h e d  t h a t  l a r g e  d is tu rbances ,  steady o r  unsteady, a t  t h e  
body su r f ace  o r  i n  t h e  stream, enhance and mod i fy  t h e  v o r t i c i t y - a m p l i f y i n g  
system and i n  a d d i t i o n  supply  more i n t e n s e  and s p e c t r a l l y  r i c h e r  f l u c t u a t i o n s ,  
which a r e  a m p l i f i e d .  L e t  us go back t o  t h e  v i s u a l  evidence o f  concre te  
examples; we s t a r t  w i t h  s t r ong  d is tu rbances  due t o  w a l l  de fo rmat ion  - a  more 
d e t a i l e d  e l a b o r a t i o n  o f  t h e  phenomena l e a d i n g  g r a d u a l l y  t o  t h e  t o p  p a t t e r n  of 
f i g u r e  1 . -  and con t i nue  w i t h  even s t ronger  d is tu rbances .  The m o t i v a t i o n  f o r  
t h e  cho i ce  o f  t h i s  example i s  m u l t i p l e .  F i r s t ,  t h e  f i x i t y  o f  w a l l  deformat ions 
makes e v i d e n t  many modes o f  v o r t i c i t y  behav io r  t h a t  cannot be e a s i l y  pho to - ,  
graphed and analyzed when t h e  s t r ong  d is tu rbances  a r e  convected w i t h  t h e  
stream. Second, a  ve ry  damaging d i s t u rbance  i n  turbomachinery  i s  assoc ia ted  
w i t h  a  horseshoe v o r t e x  formed a t  t h e  i n t e r s e c t i o n  o f  t h e  b lades o r  vanes w i t h  
t h e  hub o r  cas i ng  w a l l .  Our example dea ls  w i t h  a  c i r c u l a r  c y l i n d e r  t h a t  
p ro t rudes  t o  an i n c r e a s i n g  h e i g h t  k  i n t o  and u l t i m a t e l y  th rough  t h e  laminar  
boundary l a y e r  o f  th i ckness  6 .  Since smoke t r a c e r s  do n o t  pene t ra te  i n t o  a l l  
o f  t h e  reg ions  o f  i n t e r e s t ,  we s h a l l  precede t h e  photographs w i t h  two comple- 
mentary sketches o f  t h e  f l ows  o f  i n t e r e s t  ( f i g s .  2  and 3) due t o  Gregory and 
Walker ( r e f .  12) and t o  Char les R. Smi th  of Leh igh U n i v e r s i t y .  These sketches 
a r e  based on numerous observa t ions ,  w i t h  d i f f e r e n t  t r a c e r s  i n t r oduced  a t  d i f -  
f e r e n t  l o c a t i o n s ,  and represen t  a  consensus o f  most observers .  
To my knowledge t h e  Gregory-Walker ske tch  i s  h i s t o r i c ;  i t  gave t h e  f i r s t  
three-d imensional  topography o f  separated f l o w  around a  three-d imensional  p ro -  
tuberance. Also,  as a  r e s u l t ,  ou r  i n t u i t i v e  concept o f  separa t ion ,  n u r t u r e d  
by quasi- two-dimensional  tex tbook  examples, r e q u i r e s  r e v i s i o n  t o  a l l o w  f o r  
t h rough f l ow  and p a r t i a l  openness o f  t h e  " l o c a l  pockets  o f  separa t ion" :  t h e  
sepa ra t i on  su r f ace  has " i n l e t s I i  and A cen t ra l - p l ane  s t reaml ine ,  j u s t  
above t h a t  shown approaching t h e  protuberance i n  f i g u r e  2 (b ) ,  comes t o  a  s tag-  
n a t i o n  p o i n t  S t ,  where t h e  h i g h e s t  p ressure  i s  exper ienced on t h e  su r f ace  o f  
t h e  obs tac l e .  Pressure g rad ien t s  on t h e  o b s t a c l e  f rom S t  toward t h e  w a l l  
p rope l  t h e  r o l l u p  o f  t h e  open s l i c e  o f  t h e  v o r t i c a l  boundary l a y e r  f rom t h e  
w a l l  t o  t h e  d i v i d i n g  stream sur face ,  which has S' as i t s  h i g h  p o i n t .  The 
r e s u l t a n t  horseshoe v o r t e x  H  d i v e r t s  t h e  i n i t i a l  w, v o r t i c i t y  i n t o  t h e  
two s p i r a l i n g  v o r t i c i t y  tubes o r i e n t e d  i n  t h e  x  d i r e c t i o n .  The s l i c e  o f  t h e  
oncoming boundary l a y e r  above t h e  d i v i d i n g  s t ream su r f ace  through S '  forms 
t h e  s i d e  and t o p  shear l aye rs ,  which a r e  s t a b l e  a t  t h e  low Reynolds number 
p o r t r a y e d  here.  I n  steady f l o w  these shear l a y e r s  e f f e c t  an incomplete  c l o s u r e  
o f  t h e  near  wake a long  a  h i ghe r  p ressure  dashed l i n e  th rough  S  a t  t h e  w a l l ,  
a  ve ry  complex r e a r  s i n g u l a r i t y .  The t o p  r e a r  su r f ace  o f  t h i s  steady t h ree -  
d imensional  sepa ra t i on  pocket  i s  p i e r ced  by a  steady o u t f l o w  i n  t h e  f o rm  o f  two 
weak s p i r a l  v o r t i c e s  ( e v i d e n t  i n  a l l  t h r e e  p r o j e c t i o n s ) .  The i n f l o w  i n t o  t h e  
s l o w l y  r e c i r c u l a t i n g  r e a r  "separated"  r e g i o n  comes p a r t l y  f r om  t h e  i n n e r  seg- 
ments o f  t h e  s i d e  and t o p  shear l a y e r s  and p a r t l y  through two symmetric back 
openings i n  t h e  w a l l  ( f i g s .  2(a) and ( b ) ) .  The two arms o f  t h e  horseshoe 
v o r t e x  tube  l i f t  o f f  t h e  w a l l  as they  a r e  f o r c e d  t o  r o t a t e  around t h e  obs tac l e  
and open two symmet r i ca l l y  l oca ted  " i n l e t s . I i  
The Reynolds number Rek t h a t  governs t h e  f l o w  around obs tac les  i s  
d e f i n e d  as (Ukk) /v ,  where Uk i s  t h e  boundary- layer  v e l o c i t y  a t  t h e  o b s t a c l e  
h e i g h t  k  i n  t h e  absence o f  t h e  obs tac l e  and v i s  t h e  dynamic v i s c o s i t y .  
The compl icated f l o w  descr ibed  above and dep i c t ed  i n  f i g u r e  2  i s  s t a b l e  a t  
Rek o f  300 t o  450, depending on t h e  shape o f  t h e  obs tac l e  and t h e  p ressure  
g r a d i e n t  a long  t h e  w a l l .  As f a r  as we know, a l l  symmetric protuberances a t  low 
Reynolds numbers have f l o w  f i e l d s  t o p o l o g i c a l l y  s i m i l a r  t o  t h a t  dep i c t ed  i n  
f i g u r e  2. These f l ows  a r e  t h e  base f l ows  t h a t  would have t o  be pe r t u rbed  i f  
we were t o  s tudy t h e i r  s t a b i l i t y  a n a l y t i c a l l y .  A t  p resen t  n o t  even advanced 
computers can r e s o l v e  such d e t a i l s  o f  t h e  base f l ows  as t h e  s p j r a l  v o r t i c e s  and 
t h e  w a l l  i n l e t s .  The r e s u l t i n g  i n s t a b i l i t i e s  w i l l  have t o  be s p e c i f i e d  empir-  
i c a l l y .  Because o f  t h e  complex f l o w  geometry they  bypass previously analyzed 
p a t t e r n s .  Here we a r e  f o l l o w i n g  t h e  v i s u a l  evidence t o  o b t a i n  a  l l feel l l  f o r  
what can happen i n  f i e l d s  generated by l a rge ' d i s t u rbances .  
TRANSITION CAUSED BY ISOLATED THREE-DIMENSIONAL EXCRESCENCES 
As Rek grows p a s t  300 t o  450 (depending on obs tac l e  shape) t h e  weak 
t o p  s p i r a l  v o r t i c e s  s t reng then  and beg in  t o  weave c l o s e r  and c l o s e r  t o  t h e  r e a r  
sepa ra t i ng  su r face .  Wi th  r i s i n g  Rek t h e  sepa ra t i ng  su r f ace  becomes unsteady 
and soon sheds p e r l o d i c  i n t e r t w i n e d  h a i r p i n  v o r t i c e s  ( f i g .  3 ) .  L i f t  i s  exer ted  
on t h e  h a i r p i n  loops  by t h e  boundary l a y e r ,  and t h e  loops move toward t h e  edge 
o f  t h e  boundary l a y e r  as they  a r e  convected downstream. Norman ( r e f .  13) 
measured l o c a l  ui/Ue as h i g h  as 0.04 a t  d i s t ances  30k t o  40k ( k  = h e i g h t  
l e n g t h )  downstream o f  t h e  protuberance w i t h o u t  any subsequent i n s t a b i l i t y  t h a t  
would render  t h i s  complex p e r i o d i c  f l o w  t u r b u l e n t .  Under these c o n d i t i o n s  t h e  
p a t t e r n  decays and t r a n s i t i o n  occurs f a r  downstream, u s u a l l y  th rough  p r imary  
TS and subsequent secondary and t e r t i a r y  i n s t a b i l i t i e s .  There i s ,  however, 
some evidence t h a t  t h e  f a r  wake o f  t h e  l a r g e  d i s t u rbance  caused by t h e  p ro -  
tuberance c o n t r i b u t e s  t o  a  somewhat e a r l i e r  growth o f  t h e  TS and secondary 
i n s t a b i l i t i e s .  
As Rek reaches 550 t o  650, depending on t h e  shape o f  t h e  obs tac le ,  
w i t h  xk p a s t  Recr, t h e  t r a n s i t i o n  s t a r t s  moving upstream very  r a p i d l y .  
An increment  o f  20 i n  Rek may ha l ve  t h e  X t r , ~  - xk d i s t ance  t o  t r a n s i t i o n .  
Th i s  r a t e  decreases as x t r  approaches xk a s y m p t o t i c a l l y .  As we s h a l l  see 
s h o r t l y ,  t r a n s i t i o n  w i l l  remain near t h e  obs tac l e  a l though  new i n s t a b i l i t i e s  
w i l l  appear as Rek inc reases .  The n a t u r e  of t h e  i n s t a b i l i t y  t h a t  b r i n g s  on t h e  
r a p i d  fo rward  movement o f  x t r  i s  c u r r e n t l y  be ing  i n v e s t i g a t e d  by P. K l ebano f f .  
It bears resemblance t o  t h e  f i n a l  i n s t a b i l i t y  i n  t h e  t r a n s i t i o n s  commencing 
w i t h  TS waves as t h e  p r imary  i n s t a b i l i t y .  The f i n a l  Nburs t i '  takes p l a c e  near 
t h e  w a l l ,  p robab ly  as an i n t e r a c t i o n  o f  t h e  horseshoe v o r t e x  and t h e  i n t e r t -  
wined l egs  o f  t h e  h a i r p i n  v o r t i c e s ;  s t r e t c h i n g  o f  these l egs  by convec t ion  and 
l i f t i n g  o f  t h e  loops ( f i g .  3)  should p r o v i d e  e x t r a  i n t e n s i f i c a t i o n .  
I n  f i g u r e  4 (a ) ,  due t o  Norman ( r e f .  13 ) ,  x t r  i s  f a r  downstream o f  t h e  
p r o t r u d i n g  c y l i n d e r .  Any smoke t h a t  may have pene t ra ted  t h e  wake was d i f f u s e d  
by t h e  mot ions o f  t h e  h a i r p i n  loops o f  f i g u r e  3. The horseshoe v o r t e x  i s  
c l e a r l y  upstream o f  t h e  c y l i n d e r ;  downstream, a l ong  t h e  i n n e r  edge o f  t h e  arms 
o f  t h e  horseshoe vor tex ,  weak p e r i o d i c  undu la t i ons  i n d i c a t e  t h e  i n f l u e n c e  o f  
t h e  unseen loops.  I n  f i g u r e  4 (b ) ,  t h e  i n t e r a c t i o n  w i t h  t h e  moving h a i r p i n  
v o r t i c e s  i s  c l e a r l y  v i s i b l e  a t  t h e  i n n e r  boundary o f  t h e  horseshoe v o r t e x  
tubes .  The wake spreading i s  s t i l l  p a r a b o l i c ,  b u t  x t r  must be approaching 
t h e  downstream end o f  t h e  photograph. I n  f i g u r e  4 ( c ) ,  t u rbu lence  s t a r t s  near  
t h e  end o f  t h e  sepa ra t i on  and spreads a l ong  a  n e a r l y  s t r a i g h t  t u r b u l e n t  wedge 
f r o n t ,  as d iscussed i n  connect ion w i t h  f i g u r e  l ( a ) .  
I n  f i g u r e  4, Rek was changed by i n c r e a s i n g  Ue and keeping t h e  h e i g h t  
cons tan t  and equal  t o  t h e  d iameter  o f  t h e  c y l i n d e r .  Except f o r  f i g u r e  4 ( c ) ,  
Recr was downstream o f  xk. I n  f i g u r e  5, t h e  h e i g h t  k  and t h e  c y l i n d e r  diame- 
t e r  were inc reased  i n  a  cons tan t  boundary l a y e r ,  keeping k/D equal  t o  u n i t y .  
I n  f i g u r e  5 (a ) ,  t h e  l a r g e r  d i s t u rbance  o f  t h e  c y l i n d e r  p r o t r u d i n g  th rough  t h e  
boundary l a y e r  i s  seen t o  generate  two a d d i t i o n a l  horseshoe v o r t i c e s  upstream 
o f  t h e  c y l i n d e r .  S imul taneous ly ,  we w i tness  t h e  appearance o f  a  new t y p e  o f  
i n s t a b i l i t y  on t h e  i n n e r  horseshoe. Th is  s p i r a l  i n s t a b i l i t y  now governs t h e  
t r a n s i t i o n  t o  t u rbu lence  as i t s  dominant f a c t o r .  But t h e  horseshoe v o r t i c e s  
beg in  t o  o s c i l l a t e  as Rek i s  increased.  Conf igurat i 'ons o f  f o u r  horseshoe 
v o r t i c e s  co l l apsed  p e r i o d i c a l l y ,  as i f  t h e  i n n e r  one b roke  and convected away, 
w h t l e  t h e  o the rs  moved up by one, an occurrence l a b e l e d  i iburping.t i  Three- 
v o r t e x  c o n f i g u r a t i o n s  burped occas iona l l y ,  presumably because o f  l a r g e r  random 
modu la t ion  o f  f ree -s t ream d is tu rbances ,  which must i n t r o d u c e  t h e  unsteadiness 
i n t o  f i x e d - o b s t a c l e  i n s t a b i l i t i e s .  Th i s  behav io r  i s  p robab ly  p resen t  i n  t h e  
horseshoe v o r t i c e s  formed a t  t h e  i n t e r s e c t i o n  o f  t h e  b lades o r  vanes w i t h  t h e  
hub o r  cas j ng  w a l l  i n  turbomachinery.  I f  t h e  c o n f i g u r a t i o n  burped, l e t t i n g  
l oose  some f l u i d  t h a t  was n e x t  t o  t h e  w a l l  and r e p l a c i n g  i t  w i t h  f r e s h  f l u i d ,  
a  c o n d i t i o n  o f  h i g h  heat  t r a n s f e r  would be c rea ted .  Unsteady mot ion  a t  t h e  
e q u i v a l e n t  o f  t h e  s t agna t i on  p o i n t  S '  i n  f i g u r e  2 (b )  a l s o  generates h i g h  
l o c a l  heat  t r a n s f e r .  Th is  i s  compounded by i n t e r s e c t i n g  shock waves a t  super- 
son ic  and hypersonic  speeds; s p e c i a l  t a i l o r i n g  of l o c a l  geometry i s  needed t o  
p r o t e c t  t h e  r o o t s  o f  c o n t r o l  f i n s  on high-speed v e h i c l e s  ope ra t i ng  a t  lower  
a l t i t u d e s .  
I n  f i g u r e  5 ( c ) ,  t h e  d i s t u rbance  i s  so s t r o n g  t h a t  t r a n s i t i o n  a c t u a l l y  
occurs on t h e  horseshoe v o r t i c e s  as t hey  f o rm  i n  f r o n t  o f  t h e  obs tac le .  There 
i s  l i t t l e  p r o b a b i l i t y  t h a t  such i n s t a b i l i t y  and t r a n s i t i o n  can be handled w i t h  
con f idence  compu ta t i ona l l y  f o r  decades. A l l  o f  t h e  p reced ing  i l l u s t r a t i o n s  o f  
bypass t r a n s i t i o n  were f o r  r e l a t i v e l y  l ow  Reynolds numbers f o r  two reasons. 
F i r s t ,  bypasses a r e  expected t o  occur a t  t h e  lower  Reynolds numbers between 
Recr and Ree min ( i f  these can be es t ima ted ) .  Second, we a r e  a b l e  t o  
observe t h e  o therw ise  undescr ibab le  comp lex i t y  o f  t h e  mot ions and t h e  m u l t i -  
p l i c i t y  o f  i n s t a b i l i t i e s  and thus a c q u i r e  some ' I fee l1 l  f o r  what may be i n  s t o re .  
A t  h i ghe r  body Reynolds numbers these  events w i l l  move toward t h e  l e a d i n g  
edge and be l o s t  t o  t h e  r e s o l u t i o n  o f  ou r  v i s u a l i z a t i o n  techniques.  Neverthe- 
l e s s ,  t o  t h e  e x t e n t  t h a t  we have accounted f o r  t h e  dominant c h a r a c t e r i s t i c  
l e n g t h  and v e l o c i t y  sca les,  we can e x t r a p o l a t e  t h e  p resen t  lessons t o  p r a c t i c a l  
s i t u a t i o n s ,  a t  l e a s t  q u a l i t a t i v e l y ,  th rough  t h e  a p p r e c i a t i o n  f o r  t h e  mechanisms 
t h a t  may be i nvo l ved .  Such a p p r e c i a t i o n  i s  a  p r e r e q u i s i t e  f o r  des ign ing  o f  
meaningfu l  exper iments i n  t h e  rea lm o f  l a r g e  d is tu rbances .  
We may ask what would happen i n  these  cases o f  l a r g e  w a l l  d i s tu rbances  i f  
we added s t r onge r  f ree-s t ream tu rbu lence .  I t  depends on whether t h e  l o c a l  
f l ows  i n  f i g u r e  4  can s u s t a i n  t u rbu lence  once i t  i s  t r i g g e r e d ;  i n  o t h e r  words 
a r e  t h e  f l ows  i n  t h e  horseshoe v o r t e x  and a t  t h e  sepa ra t i on  su r face  above t h e i r  
own Remin? Since these f lows  a l r eady  have three-d imensional  v o r t i c i t y  and 
l o c a l l y  i n f l e c t i o n a l  p r o f i l e s ,  t h e  t u rbu lence  migh t  be sus ta i nab le  i n  f i g u r e s  
4 (a )  and ( b )  w i t h o u t  p ropaga t ing  i n t o  t h e  ne ighbo r i ng  laminar  l a y e r  by l a t e r a l  
con tamina t ion  as occurred upstream o f  Recr i n  f i g u r e  l ( a ) .  The l o c a l  heat  
t r a n s f e r  a t  t h e  obs tac l e  would then  r i s e  s u b s t a n t i a l l y .  I f  i n  t h e  case o f  
f i g u r e  4 ( a ) ,  say, Remin were n o t  reached, t h e  heat  t r a n s f e r  i n  t h e  presence 
o f  h i ghe r  f ree--stream d is tu rbances  would r i s e  much l e s s  because i t  would remain 
governed by laminar  conduct ion sca les.  The a d d i t i o n a l  unsteadiness imposed by 
t h e  e x t e r n a l  f ree -s t ream tu rbu lence  i s  then  l i k e l y  t o  b r i n g  about a  second- 
o rde r  e f f e c t .  
EFFECT OF A WAKE IMPINGING ON A BLUNT BODY 
L e t  us now cons ider  what lessons we can draw f r om a  few exper iments w i t h  
moderate d is tu rbances  coming f rom t h e  f r e e  s t ream toward a  body w i t h o u t  t h e  
d i s t u r b i n g  w a l l  de fo rmat ion  j u s t  d iscussed.  For l a r g e r  stream d is tu rbances  t h e  
r e g i o n  o f  concern i s  u s u a l l y  t h e  l e a d i n g  edge, e s p e c i a l l y  when t h e  oncomlng 
f l u i d  i s  ho t ,  whether i n  p r o p u l s i v e  and c o o l i n g  dev ices o r  downstream o f  a  
s t r o n g  shock i n  supersonic f l i g h t .  F i g u r e  6, due t o  Hodson and Nagib 
( r e f .  14 ) ,  shows schemat ica l l y  how a  low-Re wake f rom an upstream c y l i n d e r  o f  
d iameter  d  causes a  p a i r  o f  horseshoe v o r t i c e s  i n  t h e  s tagna t i on  r e g i o n  o f  a  
c i r c u l a r  o r  r ec tangu la r  c y l i n d e r  o f  b read th  D. I n  1973 i t  occurred t o  me t h a t  
a  momentum d e f e c t  I n  a  stream imp ing ing  a t  r i g h t  ang les t o  t h e  s tagna t i on  l i n e  
SR-S o f  a  two-dimensional  body should generate  horseshoe v o r t i c e s  j u s t  l i k e  t h e  
momentum d e f e c t  i n  a  boundary l a y e r  does as t h e  h igh-pressure r e g i o n  o f  t h e  
p r o t r u d i n g  c y l i n d e r  i s  approached i n  f i g u r e  4. The n e x t  day Nagib and Hodson 
produced v i s u a l  evidence o f  t h e  phenomenon and l a t e r  went on t o  document i t s  
n o n l i n e a r  onset  and i t s  i m p l i c a t i o n  f o r  hea t  t r a n s f e r .  The s tagna t i on  p ressure  
a l ong  St, on t h e  s ides  o f  t h e  wake, induces f l o w  down t h e  p ressure  g r a d i e n t  
toward t h e  f u l l  s t agna t i on  p o i n t  a t  S. When t h e  p ressure  a t  S  exceeds su f -  
i c i e n t l y  t h e  s t agna t i on  p ressure  assoc ia ted  w i t h  t h e  s t r eam l i ne  of l e a s t  momen- 
tum, such as t h a t  l e a d i n g  t o  Sf, t h e r e  i s  c o u n t e r f l o w  and horseshoe v o r t e x  
f o rma t i on .  (See a l s o  Morkov in  ( r e f .  15) f o r  a  d e t a i l e d  d?scuss ion  of t h e o r e t i -  
c a l  and exper imenta l  evidence o f  i n s t a b i l i t i e s  i n  s t agna t i on  reg ions  and t h e  
e m p i r i c a l  t h r e s h o l d  cu rve  f o r  t h e  v o r t e x  f o rma t i on  o f  Hodson and Nagib.) 
One o f  t h e  Hodson-Nagib dye v i s u a l i z a t i o n s  i n  water  o f  t h e  v o r t e x  p a i r  i n  
f r o n t  o f  t h e  f l a t  f ace  (dark  v e r t i c a l  l i n e  on l e f t )  i s  shown a t  t h e  t o p  o f  
f i g u r e  7. The h o r i z o n t a l  dye l i n e  marks t h e  cen te r  o f  t h e  steady laminar  wake 
o f  a  r o d  a t  Red = 30; t h e  body Reynolds number ReD = 1040 has o n l y  second- 
a r y  i n f l u e n c e .  Heat can be c a r r i e d  t o  and f r om t h e  body on a  l a r g e  nonmolecu- 
l a r  sca le ,  and i t s  t r a n s f e r  has l o c a l  spanwise maximums and minimums. These 
can be q u i t e  h i g h  and cou ld  cause l o c a l  damage. I n  steady f l o w  t h e  s p a t i a l l y  
averaged hea t  t r a n s f e r  a long  t h e  l e a d i n g  edge appears t o  be o f  second o rder ,  
acco rd i ng  t o  Hodson and Nagib ( r e f .  14 ) .  
UNSTEADY EFFECTS AND HEAT TRANSFER 
The average hea t  t r a n s f e r  increases w i t h  unsteadiness.  I n  t h e  lower  h a l f  
o f  f i g u r e  7 where Red = 365 and t h e  wake i s  weakly t u r b u l e n t ,  horseshoe v o r t i -  
ces a r e  s t i l l  fo rming b u t  they  dance back and f o r t h .  The b l u e  dye (B)  and t h e  
y e l l o w  dye ( Y )  o r i g i n a t e  f a r  upstream and pass j u s t  below and above t h e  wake- 
gene ra t i ng  rod .  Desp i te  t h e  t u rbu lence  and s l i g h t  three-dimensionality o f  t h e  
wake, b o t h  dyes a r e  drawn i n t o  t h e  two-dimensional  f rom t h e  r e g i o n  
o f  h i g h  s t a g n a t i o n  pressure,  as suggested i n  t h e  lower  h a l f  o f  f i g u r e  6. 
F i g u r e  8 f ea tu res  frames f rom a  Hodson-Nagib f i l m .  A t  Red = 90 t h e  wake, 
111 d iameters  downstream f rom t h e  rod, has decayed cons iderab ly  t o  ui/Ue o f  
t h e  o rde r  o f  0.02 t o  0.03. The c o n d i t i o n  o f  a  r e g u l a r  f o rma t i on  o f  Karman 
v o r t e x  s t r e e t  a t  approx imate ly  40 Hz was chosen so t h a t  t h e  c o n t r a s t  caused by 
a  sudden a d d i t i o n a l  d i s t u rbance  would be r e a d i l y  p e r c e p t i b l e .  The sudden d i s -  
tu rbance  was caused by a  s i n g l e  water  drop f a l l i n g  on t h e  su r f ace  o f  t h e  wa te r  
h a l f  a  channel h e i g h t  above t h e  rod.  The e f f e c t  o f  t h e  d i s t u rbance  c o n s i s t s  
p r i m a r i l y  o f  a  sudden change i n  t h e  phase r a t h e r  than  i n  t h e  amp l i tude  o f  t h e  
o s c i l l a t o r y  wake; t h e  phase change i s  marked by t h e  l e t t e r  P i n  f i g u r e  8. 
We can f o l l o w  i t  as i t  progresses toward t h e  f l a t  f ace  o f  t h e  r ec tangu la r  
c y l i n d e r  a t  t h e  dark  v e r t i c a l  l i n e  on t h e  l e f t  s i d e  o f  t h e  frames. The heads 
o f  t h e  o s c i l l a t i n g  p a i r  o f  v o r t i c e s  beg in  t o  be a f f e c t e d  a t  t = 0.24 sec. The 
e v i d e n t l y  f o r c e f u l  e j e c t i o n  o f  a  s i n g l e  horseshoe v o r t e x  a t  t = 0.44 sec and 
f u r t h e r  s t r o n g  v o r t i c i t y  i n t e r a c t i o n s  l e a d i n g  t o  two sma l l e r  horseshoe v o r t i c e s  
a t  t = 0.55 sec were n o t  p r e v i o u s l y  observed and a r e  i n i t i a l l y  s u r p r i s i n g .  
They t e s t i f y  t o  t h e  s t r e n g t h  o f  p o s s i b l e  v o r t i c a l  interactions when d i s t r i b u t e d  
v o r t i c i t y  i s  a l lowed t o  concen t ra te  l o c a l l y  th rough  i n s t a b i l i t y  r o l l u p s .  The 
w a l l  g r a d i e n t s  assoc ia ted  w i t h  such unsteady developments e s p e c i a l l y  i n  t h e  
l a s t  two frames o f  f i g u r e  8 a r e  bound t o  produce h i g h  hea t  t r a n s f e r  r a t e s .  Yet 
t h e  f l o w  i s  i n  no sense t u r b u l e n t .  Th i s  i s  r e g u l a r  laminar  behav io r  except  f o r  
t h e  sudden phase change. The phase change a l t e r s  t h e  ongoing i n t e r a c t i o n s ,  
which f o l l o w  t h e  B io t -Sava r t  law. We no te  t h a t  a  f i l m  was necessary t o  cap tu re  
e f f e c t s  due t o  f ree -s t ream d is tu rbances .  There a r e  few such f i l m s .  By focus-  
i n g  f i r s t  on l a r g e  d is tu rbances  due t o  steady w a l l  deformat ions new e f f e c t s  
cou ld  be cap tu red  r a t h e r  e a s i l y  because o f  t h e  f i x i t y  o f  t h e  d is tu rbance .  
There i s  reason t o  b e l i e v e  t h a t  an e q u a l l y  r i c h  a t l a s  o f  i n t e r a c t i o n s ,  beyond 
those  o f  f i g u r e s  7  and 8, awa i ts  researchers  i n t o  l a r g e  steady and unsteady 
f ree-s t ream d is tu rbances .  
ROLE OF LOCAL SEPARATIONS 
Th i s  i s  an opportune occas ion t o  r e i n f o r c e  t h e  e a r l i e r  statements concern- 
i n g  l o c a l  sepa ra t i on  as an impo r tan t  e f f e c t  o f  l a r g e  d is tu rbances ,  steady o r  
unsteady. Obvious ly  t h e  f o rma t i on  o f  sepa ra t i on  pockets cannot be l i n e a r i z e d .  
We have seen l o c a l  separa t ion  p l a y  impo r tan t  r o l e s  i n  roughness cases ( i n  f a c t ,  
p r a c t i c a l l y  i n  a l l  roughness phenomena) and i n  horseshoe v o r t e x  f o rma t i on  a t  
three-d imensional  obs tac les  as w e l l  as a t  b l u n t  l e a d i n g  edges. We should add 
quasi-two-dimensional l o c a l  separa t ions  a t  l o c a t i o n s  o f  r a p i d  changes o f  curva-  
t u r e ,  o f t e n  c a l l e d  leading-edge bubbles o r  laminar  bubbles even though t h e  
c l o s u r e  o f  t h e  bubble  i s  g e n e r a l l y  t u r b u l e n t .  The e f f e c t i v e  mechanism here  i s  
i n f l e c t i o n a l  i n s t a b i l i t y .  Th in  blades and a i r f o i l s  i n v a r i a b l y  have sepa ra t i on  
bubbles.  I n  some cases they  a r e  most e f f i c i e n t  i n  making t h e  boundary l a y e r  
t u r b u l e n t  and thus  p reven t i ng  s t a l l  l osses  i n  turbomachinery,  pumps, and fans.  
Even f o r  c a r e f u l l y  designed b lades,  f ree -s t ream d is tu rbances  w i t h  l a r g e r  
v e l o c i t y  components pe rpend i cu l a r  t o  t h e  l e a d i n g  edge, steady o r  unsteady, may 
generate  sepa ra t i on  bubbles l o c a l l y  and t e m p o r a r i l y .  Pa r t  o f  t h e  research on 
bypass t r a n s i t i o n  should i n v e s t i g a t e  c a r e f u l l y  t h e  l o c a l  behav io r  when wakes 
f r om upstream a r e  f l cu t t i ng t l  across sharp and b l u n t  l ead ing  edges o f  su r faces  
a t  va r i ous  angles so as t o  systemat ize and g e n e r a l i z e  t h e  i n s i g h t s  o f  Hodson 
and Nagib.  
Even when t r a n s i t i o n  i s  n o t  caused j u s t  p a s t  t h e  l e a d i n g  edge, l a r g e  
steady and unsteady streamwise v o r t i c i t y ,  generated there ,  a f f e c t s  t r a n s i t i o n  
downstream. A s i g n i f i c a n t  r e l a t e d  obse rva t i on  was made by Kendal l  ( r e f .  16) 
i n  h i s  f i g u r e  5. H i s  turbu lence-produc ing g r i d  was made o f  s lender  v e r t i c a l  
rods p laced  i n  t h e  s e t t l i n g  chamber some meters upstream o f  t h e  measuring 
s t a t i o n  above a  h o r i z o n t a l  f l a t  p l a t e  i n  t h e  t e s t  sec t i on .  A t  such d i s t a n c e  
t h e  i n t e n s i t y  ul/Ue i n  t h e  f r e e  stream had decayed t o  0.11 percen t  and was 
u n i f o r m  across t h e  span. However, i n s i d e  t h e  boundary l a y e r  t h e  i n t e n s i t y  
v a r i e d  r e g u l a r l y  f rom 0.15 t o  0.23 pe rcen t  a t  spanwise i n t e r v a l s  s e t  by t h e  
3.2-mm-diameter rods i n  t h e  s e t t l i n g  chamber. Kenda l l  found t h e  h o r i z o n t a l  
component u '  t o  be ou t  o f  phase below and above t h e  p l a t e .  Somehow, t h e  u '  
and w' f l u c t u a t i o n s  i n  t h e  r od  wakes, an t i symmet r i c  i n  t h e  z  d i r e c t i o n ,  
were conver ted i n t o  mot ions an t i symmet r i c  i n  t h e  y  d i r e c t i o n ,  perhaps a t  t h e  
l e a d i n g  edge o r  th rough  v o r t i c i t y  s t r e t c h i n g  by t h e  9 : l  c o n t r a c t i o n .  How t h e  
r e s u l t i n g  an t i symmet r i c  mot ion  o f  t h e  s t a g n a t i o n  p o i n t  on t h e  6:0.5 e l l i p t i c  
nose o f  t h e  p l a t e  was r e l a t e d  t o  t h e  spanwise nonun i f o rm i t y  i s  n o t  c l e a r .  We 
a l s o  know t h a t  i n  ve ry  low-d is turbance environments s i g n i f i c a n t  streamwise 
v o r t i c i t y  somehow forms i n  boundary l a y e r s  ( r e f .  17)  and acce le ra tes  t h e  
G o r t l e r  and c r o s s f l o w  p r imary  i n s t a b i l i t i e s  and t h e  secondary i n s t a b i l i t i e s  
i n i t i a t e d  by TS waves. The cause must be sought i n  t h e  impe r fec t  geometry o f  
t h e  l e a d i n g  edge o r  i n  i t s  i n t e r a c t i o n  w i t h  f ree -s t ream d is tu rbances .  Any n i c k  
i n  t h e  l e a d i n g  edge c rea tes  a  p a i r  o f  streamwise v o r t i c e s ,  and p o s s i b l y  a  
bypass t r a n s i t i o n .  
I n  two-dimensional  bubbles t h e  r o l l e d - u p  v o r t i c i t y  o f  t h e  separated shear 
l a y e r  serves as a  r a p i d  t u r b u l i z e r .  I f  t h e  l e a d i n g  edge i s  swept o r  o the rw i se  
moves a t  a  skew ang le  w i t h  r espec t  t o  t h e  l o c a l  stream, t h e  bubble acqu i res  a 
t h rough f l ow  v e l o c i t y  component a l ong  i t s  a x i s .  Such fo rmat ions  may grow i n t o  
concen t ra ted  v o r t i c e s ;  if they  a r e  c a s t  o f f  t h e  s o l i d  su r face ,  they  represen t  
s t r o n g  and dynamic l a r g e  d is tu rbances  t h a t  can s p o i l  f l ows  downstream. 
FREE-STREAM TURBULENCE AND TRANSITION 
L e t  us now r e t u r n  t o  e f f e c t s  o f  f ree -s t ream d is tu rbances  on t r a n s i t i o n  on 
undeformed bodies,  t h i s  t ime  on an og i ve - cy l i nde r  i n  an ax isymmetr ic  wind tun-  
n e l  as shown on t o p  o f  f i g u r e  9, borrowed f r om an unpubl ished s tudy ( r e f .  18)  
o f  D. A rna l  and J.C. J u i l l e n  o f  ONERA, Toulouse. Two f ree-s t ream c o n d i t i o n s  
a r e  shown, as i n d i c a t e d  by t h e  streamwise x  v a r i a t i o n  o f  u'/Ue, one w i t h  a  
tu rbu lence-p roduc ing  g r i d  ( g r i l l e )  and t h e  o t h e r  w i t h o u t  t h e  g r i d  (sans 
g r i l l e ) .  The f i r s t  lesson f rom t h i s  comparison i s  t h a t  anyt ime we s tudy 
e f f e c t s  o f  f ree -s t ream tu rbu lence  we must mon i t o r  t h e  v a r i a t i o n  i n  i t s  i n t e n -  
s i t y  and spec t ra  throughout  t h e  t e s t  sec t i on .  The i n t e n s i t y  o f  t h e  g r i d  t u rbu -  
l e n c e  decreased by more than  a  f a c t o r  o f  2.5 a long  t h e  body, w h i l e  t h e  
i n t e n s i t y  o f  t h e  o l d  tu rbu lence  f rom t h e  s e t t l i n g  chamber upstream o f  t h e  
c o n t r a c t i o n  increased somewhat. 
Th i s  l a t t e r  l a c k  o f  decay was never exp la ined  s a t i s f a c t o r i l y .  I n  t h e  
exper ience  o f  t h e  au thor  and h i s  co l leagues ,  such a  behav io r  means t h e  p robab le  
presence of some s low mean g rad ien t s  o r  a  s w i r l  w i t h  p roduc t i on  o f  new tu rbu -  
lence .  N e i t h e r  o f  t h e  f i e l d s  behaves l i k e  t h e  i d e a l i z e d  i s o t r o p i c  tu rbu lence .  
Note t h a t  n e i t h e r  i n t e n s i t y  i n  these exper iments represen ts  r e a l l y  l a r g e  d i s t u r -  
bances. Turbulence o f  h i g h  i n t e n s i t y  i s  i n v a r i a b l y  s p a t i a l l y  nonhomogeneous, 
and i t s  c a r e f u l  mapping would d i s c l o s e  mean l a t e r a l  and streamwise g r a d i e n t s  
. i n  i n t e n s i t y .  Quo ta t i ons  o f  gr id-produced t u rbu lence  w i t h  i n t e n s i t y  Tu = 
ul/Ue > 0.04 seldom ment ion t h a t  such f i e l d s  a l s o  e x h i b i t  mean v e l o c i t y  
g r a d i e n t s  when measured a long  cont inuous t r ave rses .  As we have discussed, such 
mean g r a d i e n t s  mod i fy  t h e  boundary- layer  a m p l i f i e r s  a l ong  t h e i r  paths.  Obvi- 
o u s l y  t h e r e  i s  no s i n g l e  Tu number t h a t  can c h a r a c t e r i z e  t h e  t u r b u l e n t  f i e l d  
as a  gu ide  t o  t h e  onset o f  t r a n s i t i o n .  No wonder t h a t  e a r l i e r  i n  t h i s  sympo- 
sium, Ray Gaugler r epo r t ed  f a i l u r e  i n  p r e d i c t i n g  t r a n s i t i o n  w i t h  a l l  techniques 
and c o r r e l a t i o n s  i n  t h e  cases o f  l a r g e  d is tu rbances  he had analyzed. There a r e  
t o o  many parameters and s u b t l e  n o n l i n e a r i t i t e s  (many n o t  even recorded) t o  make 
p o s s i b l e  any k i n d  o f  a  c r e d i b l e  s t a t i s t i c a l  base f o r  such p r e d i c t i o n  codes t o  
be t r u s t w o r t h y .  
The ONERA study a t  small-to-medium Tu l e v e l s  i l l u s t r a t e s  t h e  dilemmas 
t h a t  we o f t e n  f ace  as we make more measurements: x t r  i n  t h e  absence o f  t h e  
g r i d  was a t  0.9 m, which i s  upstream o f  t h e  x t r  o f  1.05 m achieved i n  t h e  
presence o f  t h e  g r i d  a t  much h i ghe r  Tu. These a r e  measurements by p ro fes -  
s i o n a l s  t h a t  cannot be d ismissed as i f  they  were a  beg inne r ' s  masters t h e s i s .  
E v i d e n t l y  a d d i t i o n a l  f a c t o r s ,  more impo r tan t  than  u '  l e v e l s ,  must be l u r k i n g  
i n  t h e  exper iments.  One such f a c t o r  cou ld  be t h e  s p e c t r a l  d i s t r i b u t i o n  o f  t h e  
e x t e r n a l  d i s tu rbances  conveyed i n  t h e  i n s e t s  o f  f i g u r e  9. The au thors  c o n f i r m  
t h a t  t h e  g r i d  a c t u a l l y  suppressed t h e  low-frequency end o f  t h e  spectrum. Could 
low- f requency f l u c t u a t i o n  o f  h i ghe r  amp l i tude  more e f f e c t i v e l y  induce TS waves 
a t  h i g h e r  f requenc ies (between 400 and 550 Hz) i n  t h i s  f l o w  a t  29 m/s? Th i s  
i s  n o t  a l t o g e t h e r  o u t  o f  t h e  ques t ion ;  one impo r tan t  r e c e p t i v i t y  p a t h  ( r e f .  19)  
I s  th rough  unsteady p ressure  g r a d i e n t s  impressed on t h e  i n n e r  boundary l a y e r  
near  and p a s t  Recr. We s h a l l  r e t u r n  t o  t h i s  i s sue  i n  connec t ion  w i t h  
f i g u r e  10. Another p o s s i b i l i t y  i s  t h a t  t h e  l a r g e  d is tu rbances  caused by t h e  
g r i d  rods p l a n t e d  d i r e c t l y  i n t o  t h e  w a l l  o f  t h e  t unne l  caused a  cons ide rab l y  
t h i c k e r  t u r b u l e n t  boundary l a y e r .  The growth o f  t h e  displacement t h i c kness  on 
t h e  w a l l  must have acce le ra ted  t h e  f l o w  somewhat and made t h e  boundary l a y e r  
on t h e  body more s t a b l e  than i n  t h e  absence o f  t h e  g r i d .  The authors  doubt 
t h a t  t h i s  e f f o r t  was s i g n i f i c a n t ,  b u t  t h e  measurements o f  Ue/Ue,,,f i n  t h e  
upper p a r t  o f  f i g u r e  9  were n o t  made near t h e  body. Furthermore, Arna l  and 
J u i l l e n ' s  own f i g u r e  42 shows t h a t  t h e  d isp lacement  t h i c kness  o f  t h e  boundary 
l a y e r  grew about 10 percen t  f a s t e r  w i t h o u t  t h e  g r i d ,  i n d i c a t i n g  a  s l i g h t l y  more 
d e s t a b i l i z i n g  p ressure  g r a d i e n t .  We a r e  l e f t  w i t h  specu la t i ons .  However, t h a t  
i s  a f r equen t  predicament o f  exper imenters  i n  t r a n s i t i o n ,  when they  make more 
than  one exper iment,  e s p e c i a l l y  when these a r e  separated by un re l a ted  expe r i -  
ments on t h e  d i f f e r e n t  ins t ruments .  I t  i s  a  ve ry  u s e f u l  l esson  f o r  researchers  
embarking upon t h e  much more demanding t ask  o f  deve lop ing  unders tanding o f  t h e  
e f f e c t s  o f  l a r g e  d is tu rbances  on t h e  m u l t i f a c e t e d  phenomena o f  t r a n s i t i o n .  
Unsteady Dis turbances i n  Laminar Boundary Layers and R e c e p t i v i t y  
F i g u r e  10 compares ho t -w i r e  t r aces  u ( t )  a t  f i v e  h e i g h t s  y/O i n  t h e  
boundary l a y e r  as t h e  d is tu rbances  i n s i d e  t h e  l a y e r  i n  t h e  presence o f  t h e  g r i d  
develop w i t h  x, where 8 i s  t h e  l o c a l  momentum th i ckness  a t  eack x. (Fo r  
approximate es t imates  we r e c a l l  t h a t  i n  a  B las i us  l a y e r  6  - 2.96 - 2.9 x  
2.59 0 . )  The f i r s t  s t a t i o n  ( x  = 3.7 cm) i s  l oca ted  i n  t h e  acce le ra ted  bound- 
a r y  l a y e r  on t h e  nose o f  t h e  body. S ince t h e  t ime  sca les i n  a l l  o f  t h e  t r aces  
a r e  t h e  same, t h e  e x t e r n a l  h igh- f requency con ten t  (see sample e x t e r n a l  spectrum 
i n  t h e  i n s e t  o f  f i g .  9 )  appears a t  a l l  t h e  l e v e l s  o f  t h e  l a y e r .  A t  t h e  n e x t  
s t a t i o n ,  x  = 36 cm, 10 t imes as f a r  f rom t h e  nose, t h e  h i g h  frequency has been 
f i l t e r e d  ou t  o r  d i s s i p a t e d  near t h e  w a l l .  I n c i d e n t a l l y ,  Remin should occur 
near  x  = 15 cm. The boundary l a y e r  on t h e  f r o n t  o f  t h e  body i s  e f f e c t i v e l y  
b u f f e t e d  by t h e  f r e e  stream. Upstream o f  Remi, t h e  t r a n s p o r t  processes 
across t h e  boundary l a y e r  must remain l a r g e l y  laminar  ( i . e . ,  mo lecu la r ) ;  t h e  
v o r t i c i t y  convected i n t o  t h e  p a r a b o l i c  l a y e r  and t h e  p ressure  f i e l d  o f  t h e  
v o r t i c l t y  remain ing o u t s i d e  t h e  l a y e r  make i t  unsteady ( i . e . ,  b u f f e t  i t ) ;  see 
t o p  o f  f i g u r e  14. The sma l l - sca le  v e l o c i t y  f l u c t u a t i o n s  c a r r i e d  w i t h  t h e  
i nges ted  v o r t i c i t y  a r e  e f f e c t i v e l y  damped near  t h e  w a l l .  Th i s  i s  evidence 
a g a i n s t  t h e  r e c e p t i v i t y  pa th  whereby d i r e c t  f ree -s t ream v o r t i c i t y  inges ted  i n t o  
t h e  spreading l a y e r  would be conver ted i n t o  v e r t i c a l  TS waves. V o r t i c i t y  
e n t e r i n g  t h e  l a y e r  downstream o f  Recr and t h e  v o r t i c i t y  induced by p ressure  
f l u c t u a t i o n s  across t h e  s t reaml ines  remain as p o s s i b l e  a c t i v e  agents o f  recep- 
t i v i t y  ( r e f .  19 ) ;  see t o p  o f  f i g u r e  14. 
The smal l  w igg les  on t h e  two t r a c e s  nea res t  t o  t h e  w a l l  a t  x  o f  66 and 
85 cm a r e  i n  f a c t  t h e  s igna tu res  o f  TS wave packets  growing away f rom t h e  w a l l .  
A d d i t i o n a l  s p e c t r a l  evidence suggests t h a t  these TS wave packets keep growing 
and t h a t  a f t e r  secondary i n s t a b i l i t i e s  near x  = 95 cm and f i n a l  i n s t a b i l i t i e s  
near  x  = 100 cm, t u r b u l e n t  i n t e r m i t t e n c y  se t s  i n .  The impo r tan t  f i n d i n g  i s  
t h a t  TS waves f i r s t  appear near t h e  w a l l ,  a f t e r  a l l  f requenc ies  i n  t h e  TS range 
seem t o  have been f i l t e r e d  ou t  o r  d i s s i p a t e d  upstream. These f i n d i n g s  a r e  
c o n s i s t e n t  w i t h  t h e  more recen t  r e s u l t s  o f  Kenda l l  ( r e f .  16 ) .  However, t h e  
u '  i n f o r m a t i o n  t e l l s  us l i t t l e  about damping o f  i nges ted ,  n e a r l y  streamwise 
v o r t i c i t y .  Such v o r t i c i t y  would produce a zero s i g n a l  i f  s t r i c t l y  a l i g n e d  i n  
t h e  x  d i r e c t i o n .  S ince i t  weaves a l ong  i t s  way, a l l  such unsteadiness would 
be sensed as low-frequency u '  s i g n a l s  by t h e  h o t  w i r e  o r i e n t e d  i n  t h e  z  
d i r e c t i o n .  The low f requenc ies  i n  t h e  i n n e r  y reg ions  a t  t h e  l a s t  two s ta -  
t i o n s  a r e  p robab ly  p a r t l y  o f  t h i s  cha rac te r .  However, v e l o c i t y  f i e l d s  induced 
by v o r t i c i t y  convected o u t s i d e  t h e  boundary l a y e r  should a l s o  c o n t r i b u t e  p r i -  
m a r i l y  a t  lower  f requenc ies:  o n l y  l a r g e r  s c a l e  fo rmat ions  can i n f l u e n c e  
reg ions  a t  g r e a t e r  d is tances  ( t o p  o f  f i g .  1 4 ) .  Measurements o f  space-t ime 
c o r r e l a t i o n s  a t  two o r  t h r e e  p o i n t s  a r e  needed t o  s o r t  o u t  t h e  compl icated 
f o r c i n g  and response f i e l d s .  R e c e p t j v i t y  t o  f ree -s t ream t u r b u l e n c e  appears t o  
be v e r y  s u b t l e  indeed; see Kenda l l  ( r e f .  16) f o r  a d d i t i o n a l  f a c t u a l  i n f o r m a t i o n  
on t h e  response a t  a  f o r c i n g - g r i d - g e n e r a t e d  i n t e n s i t y  ul/Ue o f  0.16 p e r c e n t .  
I n  t h e  r e l a t i v e l y  l o w - i n t e n s i t y  exper iments o f  f i g u r e s  9  and 10, recep- 
t i v i t y  appears t o  b e g i n  as a  l i n e a r  process seeding l i n e a r i z a b l e  TS wave 
packets  t h a t  cumulate and grow t o  n o n l i n e a r  l e v e l s  and l e a d  t o  h i g h e r  i n s t a -  
b i l i t i e s .  A t  h i g h e r  i n t e n s i t i e s  t h e  n o n l i n e a r  e f f e c t s  desc r ibed  i n  t h e  s e c t i o n  
Broad C l a s s i f i c a t i o n  o f  Large Dis turbances should  be expected. I m p o r t a n t  
m o d i f i c a t i o n s  o f  t h e  oncoming v o r t i c i t y  f i e l d s  can be a n t j c i p a t e d  a t  a  sharp 
l e a d i n g  edge b u t  may be d i f f i c u l t  t o  model. 
When a  t u r b u l e n t  f i e l d  approaches a  b l u n t  body, t h e  p o t e n t i a l  f i e l d  
induced by t h e  b l u n t  shape d i s t o r t s  t h e  t u r b u l e n t  f i e l d  s u b s t a n t i a l l y  and non- 
i s o t r o p i c a l l y .  I t  i s  t h e  d i s t o r t e d  f i e l d  t h a t  u l t i m a t e l y  i n t e r a c t s  w i t h  t h e  
boundary l a y e r .  A s e r v i c e a b l e  account  of t h e  t ransformed f i e l d  i s  o b t a i n a b l e  
t h r o u g h  t h e  s o - c a l l e d  " r a p i d  d i s t o r t i o n  t h e o r y n  ( r e f .  20).  I f  a p p l i e d  t o  oz 
v o r t i c i t y  An f i g u r e  6, t h e  t h e o r y  would i n d i c a t e  t h a t  such v o r t i c i t y  i s  
s t r e t c h e d  and a m p l i f i e d  a l g e b r a i c a l l y  as i t  i s  convected toward t h e  b l u n t  body. 
The v o r t i c i t y  l i n e s  a l s o  deform i n t o  a  horseshoe shape as t h e y  approach t h e  
body. Once t h e y  p e n e t r a t e  deeply  enough i n t o  t h e  boundary l a y e r  t h e  s t r e t c h -  
i n g  i s  coun te rac ted  by v i s c o s i t y  and t h e  a s s o c i a t e d  d i s t u r b a n c e s  damp, a t  l e a s t  
a t  t h e  l i n e a r i z e d  l e v e l  o f  s t a b i l i t y  a n a l y s i s .  
A  ve ry  u s e f u l  o u t l i n e  o f  t h e  many phenomena d iscovered  i n  f i e l d s  where 
d i f f e r e n t  t u r b u l e n t  o r  v o r t i c a l  f l o w s  convect  i n t o  o r  impinge upon a  body i s  
i n  t h e  r e c e n t  survey o f  Bushne l l  ( r e f .  21).  
LAMINAR BOUNDARY LAYERS BUFFETED BY INTENSE TURBULENCE 
What happens i n  t h e  boundary l a y e r s  upstream o f  Remi,? As no ted  i n  
connec t ion  w i t h  f i g u r e  10, t h e r e  may be a  g r e a t  dea l  o f  a c t i v i t y  near t h e  w a l l ,  
much o f  i t  d i s s i p a t e d  a t  t h e  low Reynolds number. The dominant mode o f  t r a n s -  
f e r  remains mo lecu la r .  However, t h e  ONERA d i s t u r b a n c e  l e v e l s  were r e l a t i v e l y  
low. When t h e  s t ream c o n t a i n s  l a r g e  d i s t u r b a n c e s ,  we r u n  i n t o  t h e  prob lem o f  
d e f i n i n g  and d e s c r i b i n g  t h e  dominant c h a r a c t e r i s t i c s  o f  such f l ows ,  as d i s -  
cussed e a r l i e r  i n  t h e  s e c t i o n  on c l a s s i f i c a t i o n .  There a r e  many i s o l a t e d  
r e p o r t s  on t r a n s i t i o n ,  hea t  t r a n s f e r ,  drag, and o t h e r  o v e r a l l  uoutputs l l  w i t h  
i n a d e q u a t e l y  d e f i n e d  c o n d i t i o n s .  Such u s u a l l y  ad hoc t e s t s  a r e  o f t e n  c o n t r a -  
d i c t o r y  and l e a v e  a  g r e a t  dea l  o f  u n c e r t a i n t y  i n  t h e i r  wake, p r i m a r i l y  because 
t h e  r e s u l t s  a r e  n o t  documented t n  terms o f  mechanisms o r  d e t a i l e d  f l o w  behav- 
i o r .  A  v a l i d  c r i t i c i s m  by Dyban, Epik,  and Suprun ( r e f .  22) s t a t e s ,  "The 
observed augmentat ion o f  t r a n s f e r  processes ( i n  a  l a y e r  t h a t  remains l a m i n a r )  
i s  1 0  t o  80 p e r c e n t  ( f o u r  quoted re fe rences)  . . . v e r y  l i t t l e  was p u b l i s h e d  
on t h e  mechanism o f  t h e  i n t e r a c t i o n  . . ." The r e s u l t s  o f  Dyban and co- 
workers ,  a  sma l l  sample o f  which i s  summarized i n  f i g u r e s  11 and 12, deserve 
a t t e n t i o n  and an a t t e m p t  a t  d u p l i c a t i o n  t o  see whether t u r b u l e n t  b u f f e t i n g  
would a c t  t h e  same way i n  t h e  U n i t e d  S t a t e s  as i t  d i d  i n  K iev .  
Such a  sugges t ion  i s  much more than  a  j o k e  and deserves c l a r i f i c a t i o n .  
C o n t r a d i c t o r y  and unconf i rmed o v e r a l l  n o u t p u t s "  (such as mean p o s i t i o n  o f  
t r a n s i t i o n ,  average hea t  t r a n s f e r  over  l a r g e r  areas,  drag,  e t c . ,  l a b e l e d  
 macroscopic measurements" by L e s t e r  Lees) were recognized as a  major  b l o c k  i n  
t h e  p rogress  o f  t r a n s i t i o n  research  i n  1970 by t h e  U.S. Transition Study Group 
( c u r r e n t l y  an i n f o r m a l  group, c h a i r e d  by E l i  Reshotko).  To remedy such 
u n c e r t a i n t i e s  and t o  avo id  miscues f o r  f u r t h e r  research, USTSG adopted (among 
o t h e r s )  g u i d e l i n e  4  ( r e f .  23) :  "Whenever poss ib l e ,  t e s t s  should i n v o l v e  more 
than  one f a c i l i t y ;  t e s t s  should have ranges o f  ove r l app ing  parameters, and 
whenever poss ib l e ,  exper iments should have redundancy i n  t r a n s i t i o n  measure- 
m e n t ~ . ~  I n  my f u n c t i o n  here as a  preacher,  I would paraphrase Lees: "Go 
mic roscop ic  research (seek d e t a i l e d  mechanisms), young man o r  woman!" and add, 
" I n  t r a n s i t i o n  research, d u p l i c a t i n g  key measurements i s  n o t  a  S in ,  i t ' s  a  
V i r t u e . "  I n  1977, I broadened ( r e f .  24) g u i d e l i n e  4  t o  computer research, 
whereby by " f a c i l i t y n  we understand a  t h e o r e t i c a l  model, however s i m p l i f i e d ,  
w i t h  i t s  computer program. A case i n  p o i n t  i s  t h e  r ecen t  p u b l i c  con fus ion  
( r e f .  25) concern ing supersonic i n s t a b i l i t y ,  when c o n t r a d i c t o r y  numer ica l  
r e s u l t s  went t o  p r i n t  w i t h o u t  i n s i s t e n c e  on r i g o r o u s  p r e p u b l i c a t i o n  comparison 
o f  t h e  two codes. 
Most c a r e f u l  researchers  b e l i e v e  t h a t  " h i ghe r  va lues o f  f ree-s t ream tu rbu -  
l ence  can be ach ieved o n l y  w i t h  i n c r e a s i n g  inhomogeneous d i s t r i b u t i o n s  o f  
dynamic head and t u rbu lence  across t h e  t e s t  s e c t i o n "  ( r e f .  26).  On t h e  o t h e r  
hand t h e  K iev  group c la ims  t h a t  i t  i s  p o s s i b l e  t o  ach ieve " v i r t u a l l y  complete 
u n i f o r m i t y  o f  t h e  s p a t i a l  d i s t r i b u t i o n  o f  f l u c t u a t i n g  and average v e l o c i t i e s  
a t  t h e  t e s t  s e c t i o n  i n l e t "  by t h e  use o f  h i g h - s o l i d i t y  g r i d s  - prov ided  they  
a r e  p laced  j u s t  ahead o f  t h e  converg ing s e c t i o n  o f  t h e  wind t unne l .  Hassan 
Nagib, who was o r i g i n a l l y  s k e p t i c a l ,  t e l l s  me now t h a t  t h e  scheme has p o s s i b i l -  
i t i e s  because t h e  immediate a c c e l e r a t i o n  th rough  t h e  c o n t r a c t i o n  may p reven t  
t h e  l~anomalousu behav io r  o f  h i g h - s o l i d l t y  i n s e r t s .  (The p ressure  d rop  across 
h i g h - s o l i d i t y  dev ices i s  h igh ;  i n  f a c t  they  produce m u l t i p l e  j e t s  which have a  
tendency toward random coalescence, llanomalousu nonhomogeneity, low-frequency 
i n t e r m i t t e n c y ,  and spur ious  i n t e n s i t y  growth.  Th i s  i s  d iscussed on page 33 o f  
r e f e rence  27, a  mechanism o r i e n t e d  t e x t  i nd i spensab le  t o  researchers  i n t o  t h e  
e f f e c t s  o f  tu rbu lence . )  The K iev  group has approached p r a c t i c a l  h igh -  
t u r b u l e n c e  research  more s y s t e m a t i c a l l y  than  o thers ,  and t h e i r  pub l i shed  
r e s u l t s  e x h i b i t  unexpected cons is tency .  
The a b s t r a c t  i n  f i g u r e  11 descr ibes  adequate ly  t h e  s i x  f i g u r e s  i n  t h e  
paper.  The graphs i n  f i g u r e  11 convey t h e  development o f  t h e  mean p r o f i l e s ,  
i n c l u d i n g  t h e i r  s u b s t a n t i a l  t h i c k e n i n g  as compared w i t h  t h e  B las i us  p r o f i l e ,  
l a b e l e d  I. The measurements a t  t h e  Reynolds numbers noted i n  f i g u r e  11 were 
ach ieved w i t h  ho t -w i r e  anemometers a t  a  f ree -s t ream speed o f  0.88 m/s a t  d i s -  
tances x  o f  105 and 340 mm f rom t h e  nose o f  t h e  f l a t  p l a t e  sketched i n  t h e  
marg in  o f  f i g u r e  12. F i gu re  11 suggests a  cons ide rab le  inc rease  i n  t h e  s lope  
a t  t h e  w a l l  a t  i n t e n s i t i e s  o f  8  t o  10 percen t .  I n  f i g u r e  1  o f  another  paper 
i n  Eng l i sh ,  Dyban and Epik  ( r e f .  28) d i s p l a y  measured u ' ,  v l ,  and wl d i s -  
t r i b u t i o n  th rough  e v i d e n t l y  t h e  same boundary l a y e r  a t  Re, = 20 000. They 
-- i n f e r  t h a t  they  a l s o  measured t h e  Reynold s t r e s s  uv f rom B las i us  YI = 1.5 ou t -  
ward. E x t r a p o l a t i o n  t o  t h e  w a l l  y i e l d s  an increment  o f  some 45 percen t  over  
t h e  l am ina r  va lue  f o r  Tu - 9  percen t  i n  f i g u r e  7  o f  r e f e rence  28; see a l s o  t h e  
t h r e e  c i r c l e s  ( i . e . ,  t h e  t h r e e  da ta  p o i n t s  i n  t h e  cu rve  f o r  s k i n  f r i c t i o n  C f  
i n  t h e  t o p  graph o f  our  f i g .  12 ) .  As marked i n  t h e  marg in  o f  t h a t  graph, t h e  
au thors  assure us t h a t  i n  t h e  b u f f e t e d  l a y e r s ,  which t hey  c a l l  pseudolaminar, 
t h e  d isp lacement  t h i c kness  remains " v i r t u a l l y  cons tan t . "  The shape f a c t o r  H  
then  decreases f r om t h e  B las i us  va lue  t o  t h e  1.9 p l a t e a u  because t h e  s k i n  
f r i c t i o n  and momentum th i ckness  (which they  denote by 6**) grow as Tu i s  
inc reased  t o  14  percen t .  (.In r e f .  27, t hey  f o r c e - f i t  t h e  r i s e  i n  C f  and t h e  
Nusse l t  number Nu w i t h  Tu by a  second-degree po lynomia l  i n  Tu and go on 
t o  l i n k  i t  w i t h  eddy v i s c o s i t y  and o t h e r  p r e d i c t i o n  formulas.  The quad ra t i c  
f i t  would y i e l d  a  f a c t o r  o f  1.98 f o r  Cf/Cf,0, which c o n t r a d i c t s  t h e  t o p  graph 
i n  our  f i g u r e  12. They a r b i t r a r i l y  l i m i t  t h e  p r e d i c t i o n s  t o  Tu - 14 percen t ,  
t h e  beg inn ing  o f  t h e  p l a t e a u  i n  t h a t  graph.)  
The lower  graph i n  f i g u r e  12 d i s p l a y s  t h e  i n t e n s i t y  d i s t r i b u t ~ o n s  u '  
th rough  t h e  boundary l a y e r  as a  f u n c t i o p  of f ree -s t ream f o r c i n g  u,. They 
focus on t h e  p o s i t i o n  o f  t h e  maximum utax i n  t h e  boundary l a y e r  as a  measure 
o f  t h e  " p e n e t r a t i o n  of t h e  f l u c t u a t i o n s  r e f e r r e d  t o  i n  t h e  a b s t r a c t  and i n  
t h e i r  f i g u r e  4; they  f e e l  i t  i s  i n d e p e n d e ~ t  o f  Reynolds number. However, ve r y  
pronounced uhax g r e a t e r  than 8  t o  10  u, i n  laminar  l a y e r s  was observed 
i t ?  t h e  1950 's  by A.  Favre (persona l  communication) and P. K lebano f f  f o r  l ow  
u,; see t o p  o f  f i g u r e  14. Th is  e f f e c t ,  desc r ibed  and r e f e r r e d  t o  as t h e  
K lebano f f  mode o f  f l u c t u a t i o n s  by Kenda l l  ( r e f .  16 ) ,  has been explained as a  
" low- f requency b r e a t h i n g  e f f e c t " ;  as t h e  q u a s i - s t a t i c  B l a s i u s  p r o f i l e  s h i f t s  
w i t h  s low t h i c k e n i n g  and t h i n n i n g  o f  t h e  l a y e r ,  t h e  maximum bu f e l t  by a  h o t  
w i r e  a t  a  f i x e d  h e i g h t  i s  near  6/2. The b r e a t h i n g  e f f e c t  j s  i n  no sense 
dynamic. The dominant c o n t r i b u t i o n s  t o  t h e  s i g n a l  umax a t  n = 2.5 f o r  
u, = 9.69" i n  t h e  lower  p a r t  o f  f i g u r e  12 a r e  w e l l  below 150 Hz; t h e r e f o r e  
t h e  s low t h i c k e n i n g - t h i n n i n g  e f f e c t  p robab ly  has n o n n e g l i g i b l e  i n f l u e n c e  on t h e  
f o rma t i on  o f  t h e  u '  peak i n s i d e  t h e  l a y e r  even a t  t h i s  h i g h  f o r c i n g  i n t e n -  
s i t y .  Some o f  t h e  au tho rs '  i n t e r p r e t a t i o n s  should t h e r e f o r e  be accepted tempo- 
r a r i l y  w i t h  much cau t i on .  Note a l s o  t h a t  t h e  reader  i s  g i v e n  no u l ( x )  decay 
curve  such as was p rov ided  by Arna l  and J u i l l e n  i n  t h e  lower  p a r t  o f  f i g u r e  9 .  
Dyban and Epik  ( r e f .  28) i n f e r  t h a t  a t  Rex = 60 000 t h e  l ' i n i t i a l N  boundary 
l a y e r  i s  t u r b u l e n t .  That  t h i s  would be so f o r  t h e i r  l owes t  Tu va lue  o f  0.31 
pe rcen t  would be s u r p r i s i n g ;  never the less  t h i s  i s  as c l o s e  as they  come t o  t h e  
concept o f  Remjn. (Nor i s  t h e r e  any d i s c u s s i o n  o f  l am ina r - t u rbu len t  i n t e r -  
m l t t e n c y ,  which would be d i f f i c u l t  t o  i d e n t i f y  w i t h o u t  a  thermal  t r a c e r . )  
They c a l l  t h e  i n i t i a l l y  t u r b u l e n t  l a y e r s  d i s t u r b e d  by e x t e r n a l  Tu pseudo- 
t u r b u l e n t  boundary l a y e r s  and r e f e r  per tu rbed  c f  t o  t h e  t u r b u l e n t  w a l l  
- 
f r i c t i o n  a t  t h e i r  l owes t  u:. They measure u '  , v '  , w '  , uv, ~ f ,  and Nu and 
i n t e r p r e t  t h e  r e s u l t s  i n  terms o f  a  m i x i ng  l e n g t h  f o r  p r e d i c t i o n  purposes. The 
p r e d i c t i o n  rang? once aga in  has t o  be l i m i t e d  t o  Tu < 14 percen t .  T h e i r  
f i g u r e  3 ' f o r l  u, = 6.?5 percen t  a t  Rex = 400 000 i s  p a r t i c u l a r l y  i n t e r e s t i n g .  
F i r s t ,  u,, v,, and w, a r e  w i t h i n  6  percen t  o f  each o the r ;  t h i s  achievement o f  
near  i s o t r o p y  a t  these h i g h  tu rbu lence  l e v e l s  lends c r e d i b i l i t y  t o  t h e i r  e f f o r t .  
Sycond, v '  has no maximum w i t h i n  t h e  l a y e r ,  r i s i n g  mono ton i ca l l y  outward t o  
v,; u 1  and v 1  on t h e  o the r  hand r i s e  mono ton i ca l l y  toward t h e  w a l l ,  presum- 
a b l y  t o  maximums a t  t h e  edge o f  t h e  sub layer ,  which remains i n s t r u m e n t a l l y  
unreso lved.  Through t h i s  account o f  some o f  t h e  work o f  t h e  K iev  group, i n  t h e  
r o l e  o f  an o b j e c t i v e  r e p o r t e r  I am c a l l i n g  t h e  a t t e n t i o n  o f  t h e  researchers  
s t a r t i n g  a l ong  t h i s  road t o  t h i s  e s s e n t i a l l y  unknown e x i s t i n g  systemat ic  i n f o r -  
mat ion.  I n  my r o l e  as a  preacher,  I am adding t h e  address:  Prof .  Evgen i i  
Pav lov i ch  Dyban and D r .  Eleanora Yakov l ieva Epik ,  I n s t .  Techn. Thermophysics, 
U k r a i n i a n  Academy o f  Sciences, 2a Zhelabova U l . ,  252057 Kiev,  USSR, i n  case 
de ten te  should break o u t  some sp r i ng .  
LOOKING BACK 
Now t h a t  we have examined t h e  concepts o f  Remin and bypasses, i d e n t i -  
f i e d  some o f  them, c l a s s i f i e d  l a r g e  d is tu rbances  ( w i t h  s p e c i a l  s t r e s s  on t h e  
l a r g e  mean and quas i -s teady d i s t o r t i o n s  o f  t h e  w a l l  o r  t h e  f r e e  stream as 
c r e a t i n g  bypass a m p l i f i e r s ) ,  acqu i red  some " f e e l "  f o r  t h e i r  e f f e c t s  v i a  g raph i c  
examples o f  such d i s t o r t i o n s  f rom protuberances, horseshoe v o r t i c e s ,  l o c a l  
separa t ions ,  and steady and unsteady wake d i s t o r t i o n s  o f  t h e  stream t o  more 
s t a t i s t i c a l l y  r e g u l a r  tu rbu lence ,  l a r g e ,  medium, and smal l ,  l e t  us l o o k  a t  a  
few overv iew f i g u r e s .  F igu res  13 and 14 p r o v i d e  t h e  o v e r a l l  s e t t i n g  f o r  o u r  
prob lem and should  make us a p p r e c i a t e  why we a r e  up a g a i n s t  an e s p e c i a l l y  d i f -  
f i c u l t  one. To understand nonunique s o l u t i o n s  o f  n o n l i n e a r  p a r t i a l  d i f f e r e n -  
t i a l  equa t ions  i n  f o u r  independent v a r i a b l e s  w i t h  v e r y  sma l l  c o e f f i c i e n t s  o f  
t h e  h i g h e s t  d e r i v a t i v e s  ( v i s c o s i t y  and hea t  c o n d u c t i v i t y )  i s  a  t a l l  o r d e r  
indeed.  F l u i d  dynamics o f  g e n e r a l i z e d  Navier-Stokes equat ions r e q u i r e s  us t o  
make sense o u t  o f  a  conca tena t ion  o f  i n t e r l a c e d  s i n g u l a r  p e r t u r b a t i o n s  w i t h  
m u l t i p l i c i t i e s  o f  s o l u t i o n s .  I n s t a b i l i t i e s  r e p r e s e n t  r a p i d l y  crossed moving 
b r i d g e s  between subsets o f  t h e  m u l t i p l i c i t y  o f  s o l u t i o n s  reachable  f rom p h y s i -  
c a l l y  i l l - d e f i n e d  i n i t i a l  c o n d i t i o n s  a t  t h e  e n t r y  t o  ou r  open f l u i d  systems. 
As v e l o c i t y  o r  x, and hence Re, i nc rease ,  t h e  e f f e c t i v e  degrees o f  freedom 
i n c r e a s e  and so does t h e  l a r g e  s e n s i t i v i t y  t o  i n i t i a l  c o n d i t i o n s .  The so lu -  
t i o n s  e v o l v e  toward " t u r b u l e n c e . "  
A c t u a l l y ,  i t  i s  d i f f i c u l t  t o  d e f i n e  t u r b u l e n t  s o l u t i o n s  o f  t h e  Nav ie r -  
Stokes equa t ions .  As f l u i d  dynamic is ts  we r e q u i r e  t h e  presence o f  t h e  f o u r  
syndromes i n  f i g u r e  13 t o  i d e n t i f y  t u r b u l e n t  behav io r .  Syndrome 1, which i s  
used t o  d e f i n e  " s t r a n g e  a t t r a c t o r s , "  i s  i n s u f f i c i e n t  f o r  ou r  needs. An examin- 
a t i o n  q u e s t i o n :  where does a  l a m i n a r  boundary l a y e r  b u f f e t e d  by h i g h  e x t e r n a l  
t u r b u l e n c e  f i t  here,  and how can we d i s t i n g u i s h  i t  e m p i r i c a l l y  f rom a  t u r b u l e n t  
boundary l a y e r ?  The concept i s  i m p o r t a n t  f o r  des ign.  How can we s tudy i t  
e x p e r i m e n t a l l y ?  I n  t h e  r e a l  wor ld ,  a l l  l a m i n a r  boundary l a y e r s  a r e  b u f f e t e d  
by decay ing f ree -s t ream t u r b u l e n c e  (wh ich  remains t u r b u l e n t  as l o n g  as t h e r e  
a r e  n o n l i n e a r  i n t e r a c t i o n s ,  as i n t e r m i t t e n t  i n  t i m e  and space as these may be) .  
We have l i t t l e  d i f f i c u l t y  w i t h  t h a t  i d e a  as l o n g  as t r a n s i t i o n  i s  downstream 
o f  Recr. The r e a l  d i f f i c u l t y  faces us near Remi,. O f  a l l  t h e  syndromes, 
o n l y  syndrome 3, d i f f u s i o n  f a r  i n  excess o f  mo lecu la r  m i x i n g ,  can gu ide  us. 
Some o f  t h e  s p e c u l a t i o n s  I o f f e r e d  e a r l i e r  were based on t h e  assumpt ion t h a t  
l i t t l e  t r u e  t u r b u l e n t  m i x i n g  c o u l d  go on a t  t h e  s c a l e  o f  l o c a l  6 below 
Remin. However, we can imagine a  l a r g e  unsteady t u r b u l e n t  event  pass ing  by, 
say 406 i n  l e n g t h .  The t e m p o r a r i l y  t h i c k e n e d  Ree may w e l l  exceed Ree,min. 
T u r b u l e n t  patches can fo rm I n  duc ts  a t  Re w 1000, b u t  t h e y  decay un less  Re 
exceeds 1500. I n  response t o  i n t e r m i t t e n t  l a r g e  d is tu rbances ,  i n t e r m i t t e n t  
decay ing  t u r b u l e n t  spots  c o u l d  e x i s t  upstream o f  nominal  Remin. I f  so, t h e  
t ime-average hea t  o r  mass t r a n s f e r  would r i s e  much more g r a d u a l l y  th rough  t h e  
nominal  l o c a t i o n  o f  Remin. The 1.55 asymptote o f  t h e  upper graph f o r  s k i n  
f r i c t i o n  i n  f i g u r e  10 o f  Dyban e t  a l .  ( r e f .  22)  i s  r a t h e r  r e a s s u r i n g .  The 
g rowth  cu rve  th rough  Remin may "smear" t h e  c o n t r a s t  i n  t r a n s p o r t  behav io r ,  
b u t  t h e r e  should  be a  p r a c t i c a l l y  i m p o r t a n t  upper bound f o r  t h a t  t r a n s f e r  r a t e .  
F i g u r e  14 summarizes t h e  processes d iscussed  i n  connec t ion  w i t h  f i g u r e s  9 
t o  12 as t h e y  were d r i v e n  by f ree -s t ream t u r b u l e n c e .  A few e x t r a  comments a r e  
i n  o r d e r :  ( 1 )  I n  connec t ion  w i t h  t h e  ONERA cases we no ted  t h a t  t h e  t u r b u l e n t  
v o r t i c i t y  i n g e s t e d  near t h e  l e a d i n g  edge had i t s  f i n e r  sca les  d i s s i p a t e d  by 
v i scous  w a l l  a c t i o n ;  t h e  f i l t e r i n g  was s o , e f f e c t i v e  t h a t ,  when t h e  TS waves 
w i t h  wavelengths o f  86 and l o n g e r  f i n a l l y  grew ( f i g .  8), t hey  represented 
h i g h e r  f requenc ies  and may have been induced across t h e  boundary l a y e r  by 
e x t e r n a l  t u r b u l e n t  v o r t i c i t y ,  as i n d i c a t e d  i n  f i g u r e  14 by t h e  l a b e l  " a t  d i s -  
tance . "  ( 2 )  TS ( o r  e q u i v a l e n t )  waves e x i s t  and a r e  induced upstream o f  t h e  TS 
Re,. F o r c i n g  mot ion  i n  l i n e a r i z e d  system equa t ions  induces homogeneous 
s o l u t i o n s  ( i . e . ,  decay ing o r  growing e i g e n f u n c t i o n s )  by t h e  requ i rement  t h a t  
a l l  boundary c o n d i t i o n s  be s a t i s f i e d .  Upstream o f  Recr, t h e  induced TS 
response decays s h o r t l y  a f t e r .  i t s  b i r t h .  
The lower  ske tch  i n  f i g u r e  1 4  adds t h e  e f f e c t s  o f  an i s o l a t e d  t h ree -  
d imensional  roughness. These we d iscussed i n  cons ide rab le  d e t a i l  i n  connec t ion  
w i t h  f i g u r e s  2  and 5. F i n a l l y  we noted t h a t  i n  t h e  known systems Remi, < 
Recr, except  f o r  t h e  zero-pressure-grad ient  case, where Remin - Recr. 
LOOKING FORWARD 
The 1984 v iew o f  paths t o  w a l l  t u rbu lence  i n  m i l d l y  d i s t u r b e d  environments 
( f i g .  15)  can h e l p  t o  o rgan ize  our  thoughts  on research i n t o  t h e  e f f e c t s  o f  
l a r g e  d i s t u rbances .  We need t o  s t a r t  w i t h  a  conceptua l  framework t o  p r o j e c t  
bes t -be t  exper iments l i n k e d  i n  a  systemat ic  way. 
L e t  us r ev i ew  t h e  i n g r e d i e n t s  a l ong  t h e  paths t o  t u rbu lence  and cons ider  
how t h e i r  r o l e  i s  changed because o f  t h e  h i ghe r  d is tu rbances .  The s tandard 
p r ima ry  l i n e a r  i n s t a b i l i t i e s  (TS, G o r t l e r ,  and c r o s s f l o w  hal f -way up i n  t h e  
f i g u r e )  s t i l l  can a m p l i f y  t h e  i n i t i a l l y  much l a r g e r  v o r t i c i t y  d is tu rbances  
(e.g., t h e  v i s u a l i z e d  non l i nea r  TS wave packets  f o r  Tu - 3.6 percen t  i n  
f i g u r e  9  o f  E.M. Gates ( r e f .  2 9 ) ) .  We can expect  s t r o n g  e f f e c t s  o f  t h e  cen- 
t r i f u g a l  i n s t a b i l i t y  ( o f  t h e  G S r t l e r  t ype )  i n  t h e  concave reg ions  o f  t u r b i n e  
b lades,  b o t h  b e f o r e  and a f t e r  ( ! )  t r a n s i t i o n ;  see Bradshaw ( r e f .  30) ( an  
impo r tan t  r e fe rence  f o r  heat  t r a n s f e r  e s t i m a t o r s ) .  
However, t h e  major  upstream movements o f  t r a n s i t i o n  should come f r om t h e  
quas i -s teady,  l a r g e r  sca le  three-d imensional  shear l a y e r s  c a r r i e d  w i t h  t h e  
f l ow ,  which mod i fy  our  s tandard base f l ows  ( i . e . ,  our  a m p l i f i e r  systems). 
Because t h e  p robab ly  s p o t t y  and i n t e r m i t t e n t  reg ions  o f  l a r g e s t  d i s t u rbance  
b r i n g  t o  t h e  v i c i n i t y  o f  t h e  w a l l  three-d imensional  v o r t i c i t y  components 
s t r onge r  than  those t h a t  e f f e c t  t h e  s w i f t  secondary i n s t a b i l i t i e s  i n  t h e  m idd le  
o f  f i g u r e  15, we can say - w i t h  n o t  much exaggera t ion  - t h a t  we e s s e n t i a l l y  
beg in  w i t h  a  broader  c l a s s  o f  d i s c r e t e l y  s p r i n k l e d ,  moving, f a s t  secondary 
i n s t a b i l i t i e s .  ( I n  bypass t r a n s i t i o n s  I expect  t o  see t h e  number i n  t h e  
sequence o f  i n s t a b i l i t i e s  l e a d i n g  t o  t u rbu lence  c u t  a t  l e a s t  by one, i n  com- 
p a r i s o n  w i t h  t h e  s tandard paths o f  f i g .  15 . )  But  t h e  t o t a l  number o f  p o s s i b l e  
i n s t a b i l i t y  pa ths  may be l a r g e r .  As d iscussed i n  t h e  s e c t i o n  on c l a s s i f i c a t i o n  
and i l l u s t r a t e d  h e r e i n  (e.g. ,  f i g .  E l ) ,  t h e  l a r g e r  sca les a r e  l i k e l y  t o  generate  
ins tan taneous  three-dimensional p r o f i l e s  ( p o s s i b l y  w i t h  l o c a l  separa t ion )  sub- 
j e c t  t o  i n v l s c i d  i n s t a b i l i t i e s  f a s t  enough t o  l ead  a l l  t h e  way t o  t u rbu lence  
d u r i n g  t h e  l i f e t i m e  o f  these boundary- layer d i s t o r t i o n s .  
Such d e t a i l e d  unsteady behav io r  i s  ve ry  d i f f i c u l t  t o  document exper iment-  
a l l y :  i n s t r u m e n t a l  space-time r e s o l u t i o n  and adequate probe access and =- 
v e r s i n g  w i t h  min imal  f l o w  i n t e r f e r e n c e  a r e  major  problems. In g r a c t i c a l  f l o w  
c o n f i g u r a t i o n s ,  un less  we make a  h e r o i c  e f f o r t ,  t h e  d is tu rbances  a r e  l i k e l y  t o  
be c h a r a c t e r i z e d  by o n l y  one o r  two averaqed parameters and t h e  measured 
boundary- layer  p r o f i l e s ,  and 'lmacroscopic" ou tpu t s  a t  t h e  w a l l  (even when 
measured as f u n c t i o n s  o f  x) a r e  a l s o  seve re l y  averaged. Such i n f o r m a t i o n  i s  
t h e r e f o r e  u n l i k e l y  t o  l ead  t o  b e t t e r  unders tanding o f  t h e  p a r t i c u l a r  mechanisms 
i n v o l v e d  i n  t h e  increased heat  t r a n s f e r .  Nor w i l l  t h e  smeared i n f o r m a t i o n  l e a d  
t o  i n s p i r e d  ideas f o r  improvements i n  design: i t  does n o t  p rov i de  enough 
l i n k a g e  between t r u e  causes and t h e  measured, averaged ou tpu t .  
Such i n f o r m a t i o n  w i l l  a l s o  a i d  l i t t l e  i n  model ing and computat iona l  code 
development, f o r  much t h e  same reasons. As I mentioned e a r l i e r  I am q u i t e  
p e s s i m i s t i c  about Navier-Stokes codes be ing  a b l e  t o  r e s o l v e  i n  t i m e  and space 
t h e  c l e a r l y  impo r tan t  unsteady f lows  near l e a d i n g  edges such as t h e  sample i n  
frames 4 t o  6 o f  f i g u r e  8 o r  t h e  t r a n s i t i o n  i n  t h e  o l d  bypass o f  t h e  b l u n t -  
body paradox, a t  l e a s t  f o r  a  few decades. So, codes must use g rosser  model ing.  
More p r i m i t i v e  model ing seldom leads t o  improved p h y s i c a l  i n s i g h t .  For ins tance ,  
i n  an e a r l i e r  t a l k  we heard about t h e  r e l a t i v e  success o f  t h e  Chor in  v o r t e x  
s i m u l a t i o n  o f  t h e  f l o w  downstream o f  a  backward-facing s tep,  aimed a t  one of 
t h e  s imp le r  cases o f  combustion. The impo r tan t  s i m p l i f i c a t i o n s  i n  t h e  model 
were two-d imens iona l i t y  o f  t h e  v o r t e x  f i l a m e n t s  and n e g l e c t  o f  v i s c o s i t y  - f o r  
t h e  good p h y s i c a l  reasons t h a t  t h e  separated shear l a y e r s  a re  s u b j e c t  t o  a  
quasi- two-dimensional  i n v i s c i d  i n s t a b i l i t y ,  whether t h e  l a y e r  i s  laminar  o r  
t u r b u l e n t .  A t  l e a s t  two aspects w i l l  have t o  be added t o  t h e  model: t h e  
presence o f  t h e  w a l l  below t h e  shear l a y e r  and a t  t h e  t e r m i n a t i o n  o f  t h e  cham- 
ber .  A c t u a l l y ,  t h e  p h y s i c a l  e f f e c t s  t h a t  those f ea tu res  i n t r o d u c e  a r e  t h ree -  
d i m e n s i o n a l i t y  of t h e  v o r t i c i t y  and c o m p r e s s i b i l i t y .  The reason f o r  t h e  f i r s t  
i s  t h a t  t h e  shear l a y e r  i s  th ree-d imens iona l l y  uns tab le  as i t  approaches t h e  
reat tachment  l i n e  on t h e  w a l l  below t h e  l a y e r .  From my years a t  M a r t i n -  
M a r i e t t a  Co., I r e c a l l  an exper imenta l  paper,  then  c l a s s i f i e d ,  showing spanwise 
maximum-minimum v a r i a t i o n  o f  hea t  t r a n s f e r  r a t e s  i n  a  r a t i o  o f  3 t o  1 a l ong  t h e  
mean reat tachment  l i n e .  The maximums were dangerous f o r  t h e  c o n t r o l s  on our  
maneuverable r e e n t r y  veh i c l e ,  t h e  SV5, and would be undes i r ab le  should  they  
occur i n  t h e  presence o f  combustion. George I n g e r  r e f e r s  t o  i t  i n  h i s  l i n e a r  
a n a l y s i s  ( r e f .  31) o f  t h e  i n s t a b i l i t y ;  Anata l  Roshko has been i n t e r e s t e d  i n  
t h i s  three-dimensionallzation o f  reat tachment  f l ows  f o r  over two decades and 
r e c e n t l y  has ob ta ined  some i n t e r e s t i n g  r e s u l t s  (unpub l i shed)  t h a t  cou ld  i n s p i r e  
b e t t e r  l o c a l  model ing.  Adding t h ree -d imens iona l i t y  o f  t h e  i n d i v i d u a l  v o r t i c e s  
t o  Cho r i n ' s  model amounts t o  m3re th$n 2 s l i g h t  g e n e r a l i z a t i o n .  Mos t l y  because 
o f  t h e  v o r t i c l t y  source t e rm  GJ g rad (v )  mentioned i n  t h e  s e c t i o n  on c l a s s i f i -  
c a t i o n ,  t h e  t a s k  i s  harder  than  Cho r i n ' s  developments t o  t h e  p resen t  f o rm  o f  
t h e  techn ique .  
FINAL INTERLUDE ON FREE-STREAM DISTURBANCES 
The example o f  t h e  t e r m i n a t i o n  o f  t h e  combustion chamber was chosen mos t l y  
t o  emphasize t h a t  f ree -s t ream d is tu rbances  tend t o  be o v e r i d e n t i f i e d  w i t h  t u r -  
bu lence ( i . e . ,  v o r t l c i t y  and i t s  induced v e l o c i t y  f i e l d ) .  It i s  w e l l  known 
t h a t ,  when shear f l ows  impinge on a r i g i d  sur face,  p ressure  feedback i s  
d i r e c t e d  upstream and s t r o n g l y  i n f l u e n c e s  t h e  i n s t a b i l i t y  o f  t h e  separated 
shear l a y e r  and any assoc ia ted  combustion. I n c o m p r e s s i b i l i t y  a l l o w s  o n l y  
ins tan taneous  p ressure  feedback, e s s e n t i a l l y  t h e  n e a r - f i e l d  a c o u s t i c  behav io r ;  
sound ( e s s e n t i a l l y  t h e  f a r - f i e l d  behav io r )  i s  n o t  a l lowed and w i t h  i t  many 
p o t e n t i a l l y  dangerous acous t i c  resonances common t o  shear l a y e r s  sepa ra t i ng  
c l e a n l y  f r om  a s o l i d  su r face .  R e c e p t i v i t y  t o  unsteady p ressure  g rad ien t s  i s  
one o r  two o rders  o f  magnitude h i ghe r  a t  sepa ra t i on  l i n e s  than  i t  i s  i n  
unseparated shear l a y e r s .  (Th i s  i s  t h e  reason why i n s t a b i l i t i e s  a t  i s o l a t e d  
three-d imensional  excrescences such as seen i n  f i g .  3 a r e  e a s i l y  pumped up 
a c o u s t i c a l l y  - f o r c e d  a t  d i s t ances  across s t reaml ines .  For xk p a s t  Recr, 
t r a n s i t i o n  can thereby  be moved s u b s t a n t i a l l y  upstream.) R e a l i s t i c  p r e d i c t i o n  
codes and d i a g n o s t i c s  o f  f ree -s t ream d is tu rbances  should a l l o w  f o r  such feed- 
back and resonant  coup l i ng .  
The Chor in  model was used o n l y  t o  i l l u s t r a t e  t h e  f a c t  t h a t  s i m p l i f i e d  
codes q u i t e  g e n e r a l l y  w i l l  n o t  be a b l e  t o  s imu la te  s a t i s f a c t o r i l y  t h i s  o r  t h a t  
mechanism o f  impor tance i n  .our t r a n s i t i o n  phenomena. Codes t h e r e f o r e  w i l l  n o t  
be g e n e r a l l y  a b l e  t o  gu ide  t h e  exper iments.  
Return ing  t o  l a r g e  f ree-s t ream d is tu rbances ,  t h e  p reced ing  d i scuss ion  
i n d i c a t e s  t h a t  t h e i r  t h e o r e t i c a l  and exper imenta l  d e f i n i t i o n  must i n c l u d e  
unsteady p ressure  g rad ien t s :  hydrodynamic ( n e a r - f i e l d  a c o u s t i c )  and acous t i c  
( f a r  f i e l d ) .  The unsteady i n p u t  d is tu rbances  ( A . C . )  i n  f i g u r e  15 f o r  l i n e a r -  
i z a b l e  ampl i tudes i n c l u d e  en t ropy  d is tu rbances  ( i . e . ,  dens i t y - tempera tu re  non- 
homogenit ies ( w i t h  n e g l i g i b l e  ~ p )  convected w i t h  t h e  f l u i d ) .  Such moving 
en t ropy  nonhomogenit ies can induce TS waves a t  supersonic  speeds, b u t  t h e  
s t r e n g t h  o f  t h e  e f f e c t  has n o t  been i n v e s t i g a t e d .  I t  has been assumed t o  be 
o f  secondary impor tance.  Th i s  i s  u n l i k e l y  t o  be warranted when c o o l i n g  e l e -  
ments o r  combustion a re  p resen t .  On t h e  o t h e r  hand, t h e  unsteady p ressure  
f i e l d  (sound) generated by t u r b u l e n t  boundary l a y e r s  on t h e  s i d e  w a l l s  i s  known 
t o  be so s t r ong  and e f f e c t i v e  a t  supersonic speeds t h a t  i t  s p o i l s  most s t u d i e s  
o f  t r a n s i t i o n  i n  wind tunne ls  f r om  Mach 1.5 t o  6 o r  7; t h e  t r a n s i t i o n  modes 
t h a t  would be p resen t  i n  f r e e  f l i g h t  a r e  bypassed and preempted by t h e  sound 
f o r c i n g .  
I d e a l l y ,  t o  c l a s s i f y  a  l a r g e  f ree-s t ream d is tu rbance ,  we would l i k e  t o  
d i s t i n g u i s h  i t s  steady o r  moving coherent  f ea tu res  f rom t h e  more homogeneous 
t u r b u l e n t  background (such as exp lo red  by Dyban's K iev  group ( r e f s .  22 and 2 8 ) ) .  
The f i r s t  t ask  would then be t o  i d e n t i f y  t h e  s t ronger ,  more r e g u l a r  f ea tu res  
such as movjng shock waves, quasi- two-dimensional  wakes f r om upstream obs tac les ,  
f r e e  concen t ra ted  v o r t i c e s ,  and s w i r l .  Th i s  r e q u i r e s  good unders tanding o f  t h e  
f l o w  p r e h i s t o r y ;  such knowledge would then  gu ide  s u b t l e  d i a g n o s t i c s  w i t h  two 
probes, one o f  which must be t r a v e r s i n g  w i t h i n  t h e  i n l e t  p lane.  
The same i n s t r u m e n t a t i o n  can p rov i de  es t imates  o f  n e a r - f i e l d  pressures and 
f a r - f i e l d  acous t i c  f i e l d s .  The coherent  v e l o c i t y  amp l i tude  o f  each s p e c t r a l  
peak c o r r e l a t e d  across t h e  i n l e t  p lane  o r  t e s t  s e c t i o n  y i e l d s  t h e  acous t i c  
f i e l d .  For n e a r l y  p lane  f a r - f i e l d  waves t h e  p ressure  f l u c t u a t i o n  i s  equal  t o  
pa t imes t h e  normal v e l o c i t y  f l u c t u a t i o n s ,  where p and a  a re  t h e  l o c a l  
mean d e n s i t y  and speed o f  sound, r e s p e c t i v e l y .  Few researchers  recogn ize  t o  
what e x t e n t  t h e  low-frequency end o f  t h e  v e l o c i t y  spectrum measured a t  t h e  
i n l e t  o f  t h e i r  t e s t  s e c t i o n  i s  a c t u a l l y  d r i v e n  by n e a r - f i e l d  p ressure  f l u c t u a -  
t i o n s  ( a l s o  c a l l e d  pseudosound). From exper ience I would guess f o r  i ns tance  
t h a t  more than  50 percen t  o f  t h e  very  low-frequency c o n t r i b u t i o n  t o  t h e  meas- 
ured ul/Ue "sans g r i l l e "  i n  t h e  i n s e t  o f  f i g u r e  9 comes f rom such p ressure  
f l u c t u a t i o n s ,  which a r e  g i ven  very  n e a r l y  by p U e ~ ' .  Th i s  i s  a  l i n e a r i z e d  
B e r n o u l l i  r e l a t i o n  f o r  u '  f i e l d s  c o r r e l a t e d  across t h e  i n l e t  p lane .  S ince t h e  
low f requenc ies correspond t o  acous t i c  wavelengths t h a t  a r e  f a r  l onger  t han  t h e  
t e s t  sec t i on ,  t h e  sources o f  t h e  n e a r - f i e l d  p ressure  ( u s u a l l y  random-l ike and 
broadband) can be q u i t e  d i s t a n t .  Some o f  these d is tu rbances  come f rom down- 
stream, as, f o r  example, t h e  low-frequency p a r t  o f  t h e  p ressure  feedback men- 
t i o n e d  e a r l i e r  ( r e f s .  32 and 33).  The r o l e  o f  r e l a t i v e l y  l a rge ,  low-frequency 
p ressu re  f l u c t u a t i o n s  i n  t h e  t r a n s i t i o n  process i s  n o t  c l e a r ,  b u t  t h e r e  i s  some 
i n d i r e c t  evidence t h a t  they c o n t r i b u t e  t o  r e c e p t i v i t y ,  e s p e c i a l l y  i n  t h e  p res -  
ence o f  smal l  d i s t r i b u t e d  roughness. They and t h e  a c o u s t i c  d is tu rbances  should  
be added t o  t h e  t o p  o f  f i g u r e  14 as a d d i t i o n a l  r e c e p t i v i t y  paths.  T h e i r  tempo- 
r a l  i r r e g u l a r i t y  e v i d e n t l y  modulates t h e  t i m e  development o f  whatever i n s t a b i l -  
i t i e s  do a r i s e ,  f o r c i n g  random c h a r a c t e r i s t i c s  upon t h e  p r imary  and h i ghe r  
modes l ong  be fo re  t h e r e  i s  tu rbu lence  o f  t h e  shear l a y e r  i t s e l f .  
I d e a l l y ,  a f t e r  i d e n t i f y i n g  t h e  c o n t r i b u t i o n s  f r om s w i r l ,  shock waves, 
wakes, and f r e e  v o r t i c e s  as w e l l  as f rom t h e  acous t i c  and n e a r - f i e l d  f l u c t u a -  
t i o n s ,  we should be a b l e  t o  s u b t r a c t  them i n  t h e  square f rom t o t a l  f l u c t u a t i o n  
s i g n a l s  and t o  o b t a i n  t h e  r e s i d u a l  f ree -s t ream tu rbu lences ,  p rov i ded  t h a t  t h e r e  
were no s i g n i f i c a n t  en t ropy  f l u c t u a t i o n s .  I f  t h e r e  i s  upstream c o o l i n g  o r  
combust ion,  a d d i t i o n a l  probes f o r  measurements o f  temperature  f l u c t u a t i o n s  w i l l  
be needed. Should t h e  r e s i d u a l  t u r b u l e n t  and en t ropy  f l u c t u a t i o n s  t u r n  o u t  t o  
be q u i t e  u n i f o r m l y  d i s t r i b u t e d  over  t h e  i n l e t  s e c t i o n ,  t h a t  would be an i n d i -  
c a t i o n  o f  t h e  cons is tency  o f  t h e  decomposi t ion process.  When we i n c l u d e  spec- 
t r a l  and c o r r e l a t i o n  c h a r a c t e r i s t i c s  r e l e v a n t  t o  t h e  t r a n s i t i o n  process,  t h e  
number o f  f ree -s t ream parameters w i l l  g e n e r a l l y  exceed 5 and cou ld  r u n  p a s t  10 
f o r  more complex f l o w s .  A lso  t h e r e  w i l l  be n o n n e g l i g i b l e  u n c e r t a i n t y  concern- 
i n g  each parameter.  
I t  should  be f a i r l y  c l e a r  t h a t  a f t e r  such i d e a l l y  e f f e c t i v e  measurements 
we s t i l l  would have d i f f i c u l t i e s  r e l a t i n g  t h e  i n p u t  parameters t o  t h e  o u t p u t  
measurements, even i f  we ( s t i l l  more i d e a l l y )  c o u l d  va ry  t h e  f ree -s t ream para-  
meters  r a t h e r  f r e e l y  i n  our  exper iments.  We need o n l y  t o  r e f l e c t  on t h e  l e s -  
sons f r o m  t h e  orders-of-magni tude s i m p l e r  example o f  f i g u r e  9, where t h e  low-Tu 
c o n d i t i o n s  induced an e a r l i e r  t r a n s i t i o n .  ( A  t h i r d  c o n d i t i o n  w i t h  s t r o n g e r  
g r i d - t u r b u l e n c e  d i d  n o t  r e s o l v e  t h e  puzz le . )  
REPRISE 
From t h e  p reced ing  e x e r c i s e  i t  appears t h a t  a  f r o n t a l  approach t o  p r a c t i -  
c a l  f l o w  c o n f i g u r a t i o n s  i s  l i k e l y  t o  r u n  i n t o  severe d i f f i c u l t i e s  i n  d e f i n i n g  
e x p e r i m e n t a l l y  t h e  r e q u i s i t e  env i ronmenta l  parameters on one hand and i n  i n t e r -  
p r e t i n g  m e a n i n g f u l l y  t h e  " o u t p u t  measurements" on t h e  o t h e r .  Yet, as i n  a l l  
research  d i r e c t e d  a t  s p e c i f i c  a p p l i c a t i o n s ,  t h e r e  w i l l  be s t r o n g  pressures t o  
l o o k  a t  t h e  " r e a l  t h i n g . n  A preacher  i s  expected t o  evoke t h e  p a t h  t o  r i g h t -  
eousness, even when he i s  i g n o r a n t  o f  " p r a c t i c a l  l i f e . "  So perhaps I may be 
p e r m i t t e d  t o  g i v e  my i n s u f f i c i e n t l y  in formed views. My exper imen ta l  b i a s  would 
be t o  s t r i v e  f i r s t  t o  e s t a b l i s h  a  q u a l i t a t i v e  framework o f  unders tand ing by 
c l a r i f y i n g  i n d i v i d u a l l y  as many i m p o r t a n t  mechanisms and i n t e r a c t i o n  p a t t e r n s  
as can be a n t i c i p a t e d .  As we have seen, key elements i n  t h e  i n t e r a c t i o n s  a r e  
l i k e l y  t o  be i s o l a t e d  wakes and v o r t i c e s  coming f rom d i f f e r e n t  ang les toward 
t h e  l e a d i n g  edges ( b l u n t ,  s lender ,  and sharp ) .  For s t r o n g  d is tu rbances  t h e  
main a c t i o n  o f  i n t e r e s t  should t a k e  p l a c e  f r o m  j u s t  upstream o f  t h e  l e a d i n g  
edge t o  p a s t  Remi,, perhaps t o  Recr. Access, t r a n s v e r s i n g  o f  t h e  ve loc -  
i t y  and thermal  f i e l d s ,  and v i s i b i l i t y  ( i f  p o s s i b l e )  i n  these  reg ions  a r e  
i m p o r t a n t .  B road ly  speaking we c o u l d  proceed i n  t h e  s p i r i t  o f  f i g u r e s  5 and 6 
o f  Hodson and Nagib ( r e f .  14) t o  g e n e r a l i z e  t h e i r  i n s i g h t  s y s t e m a t i c a l l y  t o  as 
many separa te  geomet r i ca l  v a r i a n t s  as t h e  i n g r e d i e n t s  i n  p r a c t i c a l  c o n f i g u r a -  
t i o n s  would suggest.  Each conceptua l  exper iment  would have a  smal l  number o f  
c o n t r o l l i n g  parameters so t h a t  connect ions between cause and e f f e c t  c o u l d  be 
made w i t h  some conf idence.  
Such s i m p l i f i c a t i o n  and c o n c e p t u a l i z a t i o n  i s  more l i k e l y  t o  l e a d  t o  
improvements i n  codes and des ign:  i t  more f r e q u e n t l y  i n s p i r e s  "cu res"  should  
p a r t i c u l a r l y  d e t r i m e n t a l  c o n d i t i o n s  be i d e n t i f i e d  (such as l o c a l  s e p a r a t i o n ) .  
I t  was such a  s i m p l i f i e d  wind t u n n e l  t e s t  t h a t  i d e n t i f i e d  and developed a  c u r e  
f o r  t h e  dangerous bypass on sweptback a i r c r a f t  ( t u r b u l e n c e  con tamina t ion  f rom 
t h e  f u s e l a g e  j u n c t u r e  t o  t h e  a t tachment  l a y e r  on t h e  l e a d i n g  edge o f  t h e  wing 
( r e f .  34) - see t h e  s e c t i o n  Flows w i t h  Known Ree,,jn and Recr). l lP rac t i ca l l l  
f l i g h t  t e s t s  had f a i l e d  t o  improve t h e  poor performance. We n o t e  t h a t  t h e  
exper iments  o f  Dyban e t  a l .  ( r e f s .  22 and 28) a r e  a l s o  s i m p l i f i e d  i n  t h a t  t h e y  
s t r o v e  t o  make t h e  l a r g e  t u r b u l e n c e  homogeneous and n e a r l y  i s o t r o p i c ,  so t h a t  
t h e  r e l e v a n t  parameters were reduced t o  Tu and t h e  v e l o c i t y  spectrum. ( I n  
any recheck o f  t h e i r  r e s u l t s  a t t e n t i o n  t o  t h e  r o l e  o f  t h e  l e a d i n g  edge would 
be d e s i r a b l e :  measurements j u s t  upstream and j u s t  downstream, w i t h  a t  l e a s t  
one v a r i a n t  f r om  t h e i r  sharp edge, t o  c l a r i f y  t h e  r e s t r u c t u r i n g  o f  t h e  f i e l d  
and p o s s i b l e  l o c a l  sepa ra t i on  i n  t h e  presence o f  t h e  l a r g e  f l u c t u a t i o n  normal 
t o  t h e  edge.) 
From t h e  s imp le r  exper iments we cou ld  proceed t o  compound problems, such 
as combinat ion o f  wakes approaching bodies w i t h  inc reased  f ree-s t ream tu rbu -  
l ence  (homogeneous Tu ou t s i de  t h e  wakes) t o  assess t h e  e f f e c t s  o f  "super-  
p o s i t i o n . "  The compounding would o f  course a im a t  approx imat ing  p r o g r e s s i v e l y  
t h e  suspected s t r u c t u r e  o f  t h e  environment i n  key p r a c t i c a l  c o n f i g u r a t i o n s .  
The prob lem o f  t h e  "sc rubb ing"  heat  t r a n s f e r  a t  j u n c t u r e s  and hubs o f  b lades,  
where boundary l a y e r s  ( w i t h  l o c a l  sepa ra t i on )  on two w a l l s  i n t e r a c t ,  can be 
approached i n  a  s i m i l a r  conceptual  manner. Any t ime  t h e r e  i s  a  mean v e l o c i t y  
component a l ong  t h e  l ead ing  edge o f  a  b lade,  a  coun te rpa r t  o f  t h e  s t r ong  con- 
t a m i n a t i o n  bypass encountered on sweptback wings ( r e f .  34) becomes a  p o t e n t i a l  
danger. (Away f r om t h e  at tachment l i n e  l a t e r a l  con tamina t ion  i n f l u e n c e s  a  
s u b s t a n t i a l l y  sma l l e r  domain, l i m i t e d  by t h e  spreading ang le  o f  t h e  o rde r  o f  
10" f r om  t h e  l o c a l  p o t e n t i a l  s t r eam l i ne  a t  t h e  edge o f  t h e  boundary l a y e r . )  
As we commented i n  connect ion w i t h  t h e  v i s u a l i z a t i o n  f i g u r e s ,  t o  s t a r t  
w i t h  low Reynolds numbers has many exper imenta l  and conceptua l  advantages, i n  
p a r t i c u l a r  space-t ime r e s o l u t i o n  and v i s i b i l i t y .  I n  exper iments a t  t h e  
p r o t o t y p e  Reynolds numbers w i t h  l a r g e  d is tu rbances ,  t h e  t r a n s i t i o n  phenomena 
t h a t  we seek t o  understand w i l l  occur a t  low Reynolds numbers based on t h e  
d i s t a n c e  f r om t h e  l e a d i n g  edge, anyway, b u t  on s p a t i a l  and temporal  sca les t h a t  
a r e  much harder  t o  r eso l ve .  I t h i n k  I am beg inn ing  t o  r epea t  mysel f  and t h e  
obv ious as w e l l .  I n  f a c t ,  many o f  t h e  a t t i t u d e s  I am preach ing  a r e  e v i d e n t  i n  
t h e  papers on NASA Lewis research i n  progress,  i n  p a r t i c u l a r  those o f  J im 
VanFossen and Barbara Brigham. So I can q u i t  p reach ing  w i t h  t h e  sense t h a t  t h e  
f l o c k  knows t h e  way t o  t h e  Promised Land. Never the less,  l e t  me remind you i n  
p a r t i n g  t o  heed t h e  wisdom o f  t h e  f o u r  g u i d e l i n e s  f o r  t r a n s i t i o n  research  on 
page 345 o f  E l i  Resotko 's  rev iew ( r e f .  23). 
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Too view of flat nlate 
Streamlined hemisphere 
(a) Blasi us boundary layer. 
(b) Accelerating boundary 1 ayer . 
Figure 1. - Growth o f  turbulent wedges i n  re lat ion t o  c r i t i c a l  Reynolds number Recr f o r  growth 
o f  inf ini tesimal disturbances i n  a Blasius and an accelerating boundary layer. 
~ o r s e s h a  vortex H 
a 
Smoke Layar  
~ t - y  ru9;onr 
chha daj I Sact*~on A - A  
(a) Topview. (b) Side view. (c) Rear view 
Figure 2. - Schematic o f  features i,n second steady stage of  flows around cylindrical protuberances, 
as visualized by Gregory and Walker ( ref .  12). 
Figure 3. - Schetnati c of  periodic hai rpi  n-vortex formation downstream of  hemi sphere protuberance, 
as visual i zed by C.R. Smith for Rek i n  range 450 t o  550. A t  the wake edges these vortices 
interact with the two arms of a counterrotating horseshoe vortex wrapped around the front of the 
hemi sphere (not shown). 
(a) Laminarwake: Urn= 7 ft/sec; k = 0.188 in; 6 = 0.3 in; Rek = 610.
(b) Periodic disturbances: LI== 9.5 ft/sec; k = 0.188 in; a = 0.25 in; Rek = 890.
(c) Turbulent wedgeformingnear cylinder: Uoo= 18.3 ft/sec; k = 0.188 in; 6 = 0.18 in;
Rek = 1800.
Figure 4. - Smokevisuallzation of vorticity rearrangementat fixed cylinder that protrudes into
thinning boundarylayer as external speedincreases. (Fromref. 13.)
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(a) Horseshoe system oscillation beginning: k = 0.375 in; 6 = 0.18 in; Rek = 3600.
(b) Horseshoe system oscillating strongly: k = O.S in; 6 = 0.18 in; Rek = 4800.
(c) Horseshoe system tu_ulent upstream of trip: k = 1.0 in; 6 = 0.1B in; Rek = 9600.
Figure 5. - Smokevisualization (at fixed external speed) of new instabilitles in boundary layer




Figure 6. - Schematic of vortex flow module proposed for augmentation of  heat transfer from b lu f f  
bodies . 
_)i, i
(a) Red = 30; ReD = 1040; &x/d = 111; d = 0.027 in; D = 0.935 in.
(b) Red = 365; ReD = 2730; Ax/d = 32; d = 0.125 in; D = 0.935 in.
Figure T. - $ide-vleu dye vlsualization of single wake impinging on rectangular cylinder at Red
of 30 and 365. (From ref. 14.)
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(a) t = O. (d) t = 0.34 sec.
(b) t = 0.14 sec. (e) t = 0.44 sec.
(c) t = 0.24 sec. (f) t = 0.55 sec.
Figure 8. - Side-viee dye visualization showingeffect of free-stream perturbation P on vortex
floe moduleat Red = 90.
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Figure 9.  - Turbulence developmnt and s a p l e  spectra outside boundary layer along axis-tric 
slender body with and without upstream grid. (From ref. 17.) 
(c ) (dl 
(a) x = 3.7 an. (b) x = 36 an. 
(c) x = 66 an. (d) x = 85 an. 
Figure 10. - Samples o f  fluctuations u( t )  a t  f i v e  heights y o f  laminar boundary layer growing 
i n  presence o f  gr id  a t  x o f  3.7, 36, 66, and 85 an. (From r e f .  17.) 
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Characteristics of the Laminar 
Boundary Layer in the Presence of 
Elevated Free-Stream Turbulence 
YE. P .  DYBAN, E.YA. EPIK AND T. T.  SUPRUN 
The behavior of the laminar boundary layer was 
observed at free-stream turbulence of 0.3 to 25.2%. 
The increases in the boundary layer thickness, in the 
tangential stress at the wall, and in the momentum 
thickness with increase in turbulence a re  estimated. 
It i s  shown that the depth to which the fluctuations 
penetrate into the boundary layer does not depend on 
the turbulence but only on the Reynolds number. The 
perturbation peak in the layer are  highest at free- 
stream turbulence of the order of 4.5%. The longi- 
tudinal scale of turbulence increases monotonically 
toward the outer edge of the layer, while i ts  spectral 
distributions exhibit low (less than 300 Hz) frequencies. 
Fig. 1. Velocity dietribution in the laminar boundary 
layer. 
Figure 1 1. - Abstract and mean 1 ami nar boundary-1 ayer prof i 1 es i n presence of  i ncreasi ng free- 
stream turbulence. (From r e f .  22.) 
Characteristics of he Laminar Do Q 
Boundary Layer in ha hosence of 
Elevated Froe-Stream Tor bu lence #/ s* 
Fig. 2. Varlatloo i8 d r y  d c l e a t  rod 
Lrm factor in the lrmiarr War. 
I) c f i  . n, b416'*. s 
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1.mh.r layer at ICl, r 6.2. ld. 6 200 
Figure 12. - Variation of skin friction ratio, shape factor, and u' fluctuation profiles in a 
laminar boundary 1 ayer as free-stream turbulence increases. (From ref. 22.) 
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Figure 13. - Salient features of turbulence. 
Figure 14. - Schematic of  influence on growing laminar boundary layer of  external turbulence (top) 
and a three-dimensional protuberance (bottom). 
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Figure 15. - Evolutionary paths to turbulence in undistorted boundary layers and ducts for mild 
environmental disturbances - 1984. 
REPORT OF GROUP 1 
Robert P. Dr ing 
Uni ted Technologies Research Corporat ion 
East Har t fo rd ,  Connect icut 06108 
By way o f  i n t r o d u c t i o n ,  f i g u r e  1  i l l u s t r a t e s  an important  f ea tu re  o f  t he  
f l o w  cond i t ions  i n s i d e  tu rb ines :  i t  diagrams the  v e l o c i t y  as i t  leaves the  
s t a t o r  and enters t h e  r o t o r .  The absolute f l o w  speed minus t h e  r o t o r  wheel 
speed g ives the  r o t o r  i n c i d e n t  r e l a t i v e  v e l o c i t y .  Group 1  focused p r i m a r i l y  
on upstream wakes and disturbances and t h e i r  e f f e c t  on t r a n s i t i o n .  The wake 
o f  t h e  f i r s t  vane, i f  we assume t h a t  t he  f l o w  i s  c o l l a t e r a l ,  which i t  i s  no t ,  
i s  i n  t h e  same d i r e c t i o n  as t h e  p o t e n t i a l  f low,  b u t  retarded.  Subt rac t ing  t h e  
wheel speed from the  wake f l o w  i n  t h e  r o t a t i n g  frame o f  reference g ives the  
wake r e l a t i v e  v e l o c i t y .  It i s  obv ious ly  n o t  o f  t he  same magnitude, and more 
impor tan t l y  i t  i s  n o t  i n  t h e  same d i r e c t i o n ,  as the  p o t e n t i a l  f low.  Most 
no tab l y  i t  has a  component normal t o  t h e  p o t e n t i a l  f l o w  around it, and t h a t  
component causes t h e  s t a t o r  wakes i n  t h e  r o t o r  passage t o  move p r e f e r e n t i a l l y  
toward t h e  r o t o r  suc t i on  surface. These s t a t o r  wakes p i l e  up on t h e  suc t ion  
sur face i n  a  complex non l inear  pa t te rn .  From t h i s  i n t r o d u c t i o n  t o  upstream 
wake disturbances working group 1  p u t  together  t he  f o l l o w i n g  r e s u l t s ,  conclu- 
sions, observat ions, and suggestions. 
We suggest a " b u i l d i n g  b lock"  approach t o  t h e  physics.  The b u i l d i n g  b lock 
approach i s  a  se r ies  o f  concurrent experiments focused on s p e c i f i c  mechanisms, 
n o t  a  se r ies  o f  programs o r  experiments t o  be run i n  ser ies .  These concurrent 
experiments a re  d i r e c t e d  a t  s p e c i f i c  phys ica l  phenomena. Each should have some 
p o s i t i v e  e f f e c t  on our understanding and u l t i m a t e l y  on t h e  design process. 
Our second suggestion r e l a t e s  t o  t h e  f a c t  t h a t  we are  b a s i c a l l y  t a l k i n g  
about unsteady f low:  unsteadiness i n  s t a t i c  pressure, v e l o c i t y ,  and tu rbu-  
lence. This  unsteadiness can be random o r  i t  can be pe r iod i c ,  p a r t i c u l a r l y  as 
i t  r e l a t e s  t o  blade passing e f f e c t s .  We need t o  know i n  considerable d e t a i l  
about t h e  i n t e n s i t y  and scale o f  these random pe r iod i c  disturbances because t h e  
length  scale w i l l  vary by orders o f  magnitude. Much o f  t h e  p e r i o d i c  d i s t u r -  
bance w i l l  be a t  a  l eng th  scale t y p i c a l  o f  t h e  a i r f o i l  p i t c h ,  which i s  1000 
t imes t h e  boundary-layer th ickness and probably n o t  re levan t  i n  terms o f  a  
tu rbu lence e f f e c t .  We need t o  cha rac te r i ze  t h e  i n l e t  cond i t ions  t o  a l l  t h e  
a i r f o i l  rows. The cha rac te r i za t i on  probably needs t o  i nc lude  s p a t i a l  and 
temporal d e t a i l s .  
Although we were concerned most ly  w i t h  unsteady e f f e c t s ,  t h e  steady f l o w  
i s  n o t  w e l l  understood e i t h e r .  So, a t t e n t i o n  needs t o  be committed t o  steady 
two-dimensional t r a n s i t i o n a l  work. Evidence o f  t h i s  i s  t h e  r e s u l t s  presented 
by Ray Gaugler a t  t h i s  symposium. We be l i eve  t h a t  both aerodynamic and heat 
t r a n s f e r  r e s u l t s  a re  needed. Heat t r a n s f e r  r e s u l t s  alone are  i n s u f f i c i e n t .  
We need t o  understand what i s  happening i n  t h e  boundary layers .  Boundary-layer 
measurements r e q u i r e  t h i c k  boundary layers ,  which d i c t a t e s  t h e  scale o f  t h e  
experiments. The t r a n s i t i o n  process must be i nves t i ga ted  both f o r  t h e  v e l o c i t y  
boundary l a y e r  and a  thermal boundary l a y e r .  
Our group suggests t h a t  t h e  r e q u i r e d  f a c i l i t i e s  be i d e n t i f i e d .  Are t h e r e  
phys i cs  t h a t  need t o  be s tud ied  t h a t  a r e  n o t  compat ib le  w i t h  e x i s t i n g  f a c i l i -  
t i e s ?  New l a rge -sca le  f a c i l i t i e s  a r e  r e q u i r e d  f o r  t h e  s tudy  o f  unsteady and 
p e r i o d i c  e f f e c t s  t o  enable measurements t h a t  a r e  u s e f u l  t o  t h e  a n a l y t i c a l  
community. 
We a l s o  recommend " c e r t i f i e d  exper iments1'  t o  avo id  t r y i n g  t o  match da ta  
t h a t  may n o t  be wor th  matching. Something s i m i l a r  t o  t h e  1968 S tan fo rd  
boundary- layer  conference i s  needed i n  which t h e  c o n d i t i o n s  o f  t h e  a n a l y s i s  
a r e  matched t o  t h e  exper iment.  We recommend t h a t  a  s e l e c t i v e  s e t  o f  two- 
d imensional ,  s teady- f low c e r t i f i e d  exper iments be executed i n  a  p a r a l l e l  
schedule.  The exper iments should p robab ly  i n c l u d e  what we would g e n e r i c a l l y  
c a l l  f l a t  p l a t e s ,  which i nc l udes  curved duc ts .  C e r t i f i e d  exper iments should  
a l s o  be done on t h e  a i r f o i l .  I n  t h e  f i r s t  exper iments f i l m - c o o l i n g  c o n d i t i o n s  
shou ld  be avo ided because o f  t h e  f l o w  and mass a d d i t i o n  comp lex i t i e s .  The 
leading-edge and f l o w - t u r n i n g  c o n d i t i o n s  w i l l  be s u f f i c i e n t l y  complex i n  t h i s  
s e t  o f  exper iments .  F i lm -coo l i ng  i n t e r a c t i o n s  w i l l  have t o  be addressed l a t e r .  
Exper iments should  be dev ised t o  i n v e s t i g a t e  t u r b i n e  i n l e t  c o n d i t i o n s .  
Combustor e x i t  c o n d i t i o n s  should be s imu la ted  i n  b o t h  h o t  and c o l d  exper iments.  
The f l o w  s i m u l a t i o n  should  i n c l u d e  bo th  s p a t i a l  and tempora l  sca les  and t h e  
nonhomogenity and i n t e r m i t t e n c y  o f  t h e  combustor e x i t .  We need a  good space- 
t i m e  r e s o l u t i o n  o f  what t h e  combustor i s  produc ing.  The d i f f i c u l t y  o f  making 
measurements i n  h o t  exper iments should  n o t  p rec lude  do ing  c o l d  exper iments.  
The s i m u l a t i o n  o f  t h e  combustor e x i t  should  be r e p r o d u c i b l e  and r e p r e s e n t a t i v e .  
However, s t r o n g  f e e l i n g  were expressed a g a i n s t  spending a  l o t  o f  t i m e  t r y i n g  t o  
make tu rbu lence-genera t ing  dev ices t h a t  s imu la te  i n  g r e a t  d e t a i l  what i s  hap- 
pen ing  i n  a  combustor downstream o f  t h e  b lade  row. 
Another ca tegory  o f  two-dimensional  exper iments i s  unsteady f l ow ,  i n c l u d -  
i n g  nonpe r i od i c  d is tu rbances  such as wake t r a n s p o r t  and wake accumulat ion.  The 
t r a n s p o r t  o f  wakes across t h e  b lade- to-b lade passage and t h e i r  accumulat ion on 
t h e  s u c t i o n  su r f ace  need t o  be s imu la ted  c a r e f u l l y .  The i n i t i a l  e f f o r t  should  
be w i t h  f l a t  p l a t e s ,  b u t  l a t e r  t h e  comp lex i t i e s  o f  a i r f o i l s  should  be i nc l uded  
i n  t h e  exper iments.  It i s  recognized t h a t  seve ra l  e f f o r t s  a r e  under way t o  
s i m u l a t e  wake behav io r  expe r imen ta l l y .  The r e a l  p o i n t  he re  i s  t h a t  t h e  dynam- 
i c s  o f  these  wakes has t o  be s imu la ted  p r o p e r l y .  The s tudy  o f  wake m i g r a t i o n  
w i l l  r e q u i r e  r o t a t i n g - r i g  t e s t i n g ,  which i s  by n a t u r e  t h r e e  d imensional  and 
i n v o l v e s  la rge-sca le ,  slow-speed f a c i l i t i e s  o r  f u l l - s c a l e  engines. However, 
t h e  excess ive  c o s t  and complex i t y  o f  eng ine-sca le  t e s t i n g  make o t h e r  approaches 
more l i k e l y ,  such as t r a n s i e n t  t e s t i n g  i n  shock tubes and t h e  blowdown t y p e  o f  
eng ine-sca le  t e s t i n g .  
F i n a l l y ,  we recommend t h a t  exper iments be devoted t o  t h e  e f f e c t s  o f  mass 
a d d i t i o n  and f i l m  coo l i ng ,  u l t i m a t e l y  i n  a  research  p l an .  The group a l s o  con- 
s i de red  su r f ace  roughness, three-d imensional  end-wall e f f e c t s ,  feedback o f  
downstream d is tu rbances  on boundary l a y e r s ,  and f ree-s t ream f l ows .  They should  
r e c e i v e  se r i ous  c o n s i d e r a t i o n  i n  f u t u r e  p lann ing .  
Stator 
of wake toward 
Figure 1. - Stator wake accumulation on rotor suction surface. 
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Group 2 was concerned w i t h  t r a n s i t i o n  p r e d i c t i o n  models and subsequent 
code development and v e r i f i c a t i o n .  The o b j e c t i v e  was t o  p r e d i c t  t h e  maximum 
l o a d i n g  and hea t  t r a n s f e r  r a t e  on t u r b i n e  b lades.  It was p o i n t e d  o u t  a t  t h e  
beg inn ing  o f  t h e  sess ion t h a t  t h e  i n t e r n a l  f l ows  th rough  a  t u r b i n e  a r e  
ex t reme ly  s e n s i t i v e  t o  t h e  environment.  I f  you miss p r e d i c t i n g  hea t  t r a n s f e r  
by as much as 25 percent ,  you can be o f f  by  an o r d e r  o f  magnitude on t h e  l i f e  
o f  a  t u r b i n e  b lade .  So i t  i s  ex t reme ly  impo r tan t  t o  p r e d i c t  t u r b i n e  meta l  
temperatures accu ra te l y .  
A l though a  computat iona l  modeler would want t o  examine f l ows  i n v o l v i n g  
vanes, b lades (unsteady e f f e c t s ) ,  end w a l l s  ( th ree-d imens iona l  e f f e c t s ) ,  and 
duc ts ,  we were m a i n l y  concerned w i t h  i d e n t i f y i n g  which p a r t s  o f  t h e  t u r b i n e  
would be t h e  most i n t e r e s t i n g  t o  work on. We dec ided t h a t  t h e  vane would be 
t h e  p l a c e  t o  beg in  t h e  computat ion because t h e  f i r s t  vane i s  somewhat separated 
f r om i t s  upstream neighbors .  The r o t o r  b lade  row should  be analyzed nex t .  
Unsteady f l o w  e f f e c t s  and wake d is tu rbances  w i l l  have t o  be cons idered.  Pre- 
d i c t i n g  these  e f f e c t s  i s  beyond o u r  c u r r e n t  c a p a b i l i t y ,  b u t  we hope t o  be a b l e  
t o  do so w i t h i n  5 years .  The f l o w  th rough  vanes o r  b lades can be approximated 
as two d imensional  a t  t h e  midspan. However, a t  t h e  t i p  o r  r o o t  t h e  f l o w  i s  
d e f i n i t e l y  t h r e e  d imensional .  Thus t h e  three-d imensional  e f f e c t  o f  t h e  end 
w a l l  i s  an impo r tan t  t o p i c .  
Duct f l o w s  were mentioned as an impo r tan t  ca tegory  o f  f l ows  w a r r a n t i n g  an 
e f f o r t  i n  computat iona l  model ing.  It was suggested t h a t  d u c t  f l o w  m igh t  be a  
l o g i c a l  p l a c e  t o  examine methods f o r  i n c l u d i n g  t r a n s i t i o n  p r e d i c t i o n .  Rough- 
ness cou ld  be one o f  t h e  severa l  parameters t o  be examined i n  d u c t  f l ow .  
The n e x t  t o p i c  we i d e n t i f i e d  was t h e  f ree-s t ream environment.  From ear-  
l i e r  p resen ta t i ons  most exper iments seem t o  be done a t  t u rbu lence  l e v e l s  o f  1 
t o  10  pe rcen t .  I n  t h e  r e a l  eng ine environment t u rbu lence  l e v e l s  a r e  1 0  t o  20 
percen t .  Consequently t h e r e  i s  a  b i g  d isc repancy  between what happens i n  r e a l  
l i f e  and t h e  da ta  t h a t  seem t o  be a v a i l a b l e  t o  use i n  v e r i f i c a t i o n .  However, 
we can s t i l l  use t h e  lower  t u rbu lence  r e s u l t s  as a  gu ide  f o r  code v e r i f i c a t i o n  
and t r y  t o  e x t r a p o l a t e  t o  t h e  h i g h e r  t u rbu lence  l e v e l s .  We recommend e x p e r i -  
ments a t  t h e  h i g h e r  t u rbu lence  l e v e l s .  
What t r a n s i t i o n  p r e d i c t i o n  models a r e  a v a i l a b l e ?  Where do we want t o  go? 
The o n l y  accura te  way t o  p r e d i c t  t r a n s i t i o n  i s  t o  do a  f u l l  Navier-Stokes sim- 
u l a t i o n .  The l a r g e  eddy s i m u l a t i o n s  (LES) a re  c l o s e s t  t o  f u l l  Mavier-Stokes 
s i m u l a t i o n s .  Th i s  t y p e  o f  a n a l y s i s  i s  be ing  done a t  NASA Ames, NASA Langley,  
and S tan fo rd  U n i v e r s i t y .  It i s  a  ve r y  p romis ing  technique.  A lso  a v a i l a b l e  a r e  
e m p i r i c a l  models - t h e  m i x i n g  l e n g t h  models. A popu la r  model used i n  p r e d i c t -  
i n g  two-dimensional  f l o w  and t u rbu lence  i s  t h e  McDonald-Fish model. It was t h e  
f e e l i n g  o f  t h e  group t h a t  no e m p i r i c a l  t r a n s i t i o n  method w i l l  be genera l  enough 
t o  app l y  t o  a  range of f l o w  c o n d i t i o n s .  Only t h e  f u l l  Navier-Stokes s i m u l a t i o n  
w i l l  be a  genera l  method. Cho r i n ' s  random v o r t e x  method was i nc l uded  as a  pos- 
s i b l e  a n a l y t i c a l  approach t o  r ep resen t i ng  t r a n s i t i o n .  I n  t h i s  method v o r t i c i t y  
i s  re leased  a t  a  d i s c r e t e  p o i n t  t o  s imu la te  t u rbu lence .  Group 2 recommends 
pu rsu ing  t h e  Navier-Stokes s i m u l a t i o n  and t h e  l a r g e  eddy s i m u l a t i o n  as t h e  b e s t  
approaches t o  p r e d i c t i n g  t r a n s i t i o n .  
The n e x t  recommendation p e r t a i n s  t o  t h e  d i f f e r e n c e  between t h e  hydrody- 
namic and therma l  boundary l a y e r s  i n  t h e  t r a n s i t i o n  process. The thermal  
boundary l a y e r  develops much more s l o w l y  than  t h e  hydrodynamic boundary l a y e r .  
I f  t h e  energy equa t ion  con ta i ns  a  model o f  t h e  v l  - t '  tu rbu lence  terms, t h e  
s o l u t i o n  t o  t h i s  equa t ion  m igh t  serve as an i n t e r i m  p r e d i c t i o n  o f  t r a n s i t i o n .  
It was p o i n t e d  o u t  t h a t  t h e  most success w i t h  t hese  s imp le  models has been w i t h  
those  t h a t  i n v o l v e  v a r i a b l e  P rand t l  numbers th rough  t h e  t r a n s i t i o n  reg ion .  
Such a  s i m p l i f i e d  model would be most a p p l i c a b l e  t o  t h e  t r a n s i t i o n  process on 
t h e  s u c t i o n  s i d e  o f  t h e  blade. The p ressure  s i d e  o f  a  t u r b i n e  b lade  has con- 
cave c u r v a t u r e  and o f  G o r t l e r  v o r t i c e s ,  which a r e  complex and t h e r e f o r e  d i f f i -  
c u l t  t o  model and analyze.  It was suggested t h a t  a  G o r t l e r  v o r t e x  model be 
developed f o r  t h e  concave cu rva tu re  r e g i o n  o f  t h e  t u r b i n e  b lade.  Such a  model 
would be h e l p f u l  i n  p r e d i c t i n g  hea t  t r a n s f e r  and t r a n s i t i o n .  
Group 2 has a  w ish  l i s t  o f  e f f e c t s  t o  be i nco rpo ra ted  i n  t r a n s i t i o n  p re -  
d i c t i o n  models. These a r e  n o t  l i s t e d  i n  any o r d e r  s i nce  we cou ld  n o t  dec ide  
which would be t h e  most impor tan t .  The l i s t  i n c l udes  f ree-s t ream tu rbu lence ,  
roughness on t h e  su r f ace  o f  t h e  b lade  o r  vane, cu rva tu re ,  p ressure  g rad ien t ,  
and su r f ace  temperature.  I n  deve lop ing  t h e  computat iona l  models we recommend 
s t a r t i n g  w i t h  a  s teady mean-flow model and work ing  toward t h e  unsteady problem. 
Our group s t r o n g l y  recommends t h a t  a  research  emphasis be p u t  on d e f i n i n g  t h e  
phys i cs  o f  t h e  t r a n s i t i o n  problem. F o r  example, t h e  l a r g e  eddy s i m u l a t i o n  i s  
a  p rom is i ng  approach, b u t  i t  has p e r i o d i c  boundary c o n d i t i o n s  t h a t  makes i t 
ex t reme ly  d i f f i c u l t  t o  execute t h e  a n a l y s i s .  Apprec iab le  e f f o r t  has t o  be 
devoted t o  d e f i n i n g  t h e  phys ics  r e a l i s t i c a l l y  and p r o p e r l y .  
The n e x t  t h i n g  we d iscussed was t h e  numerics themselves. The e f f o r t  
should  be d i r e c t e d  toward a  Navier-Stokes s o l v e r .  A t  p resen t ,  t h e  l a r g e  eddy 
s i m u l a t i o n  and t h e  s p e c t r a l  methods a r e  i n  common usage. We recommend t h a t  
subg r i d - sca le  model ing be developed t o  cap tu re  a l l  o f  t h e  sma l l - l eng th  sca les  
i n  t h e  problem. C u r r e n t l y  i n  a  t r a n s i t i o n  c a l c u l a t i o n  t h e  l a r g e  eddy sim- 
u l a t i o n  models break down because t h e  f l o w  loses  k i n e t i c  energy and t h e  f l o w  
s t r u c t u r e  d i s s i p a t e s  i n t o  smal l -sca le  t u rbu lence .  The r e s o l u t i o n  o f  t h e  
numerics problem o f  t h e  smal l  s ca le  depends on t h e  s i z e  o f  t h e  computer a v a i l -  
a b l e  and f und ing  suppor t  t o  opera te  t h e  computer i n  f l o w  model ing.  The group 
recommends t h a t  t h e  Lewis Cray-IS be made a v a i l a b l e  t o  o u t s i d e  i n v e s t i g a t o r s  
d u r i n g  o f f -peak  hours.  
The l a s t  i s sue  we d iscussed was v a l i d a t i o n  o f  computat iona l  codes. I n  
agreement w i t h  t h e  group 1 we recommend t h a t  a l l  t r a n s i t i o n  boundary- layer  da ta  
be compi led on magnet ic tape  and be a v a i l a b l e  i n  a  document l i s t i n g .  The da ta  
need t o  be c e r t i f i e d  as t o  v a l i d i t y  and accuracy.  C e r t i f i c a t i o n  i s  a  l a r g e  
e f f o r t ,  b u t  we f e e l  i t  i s  impo r tan t  i n  c o r r e c t l y  model ing t r a n s i t i o n .  I f  
e x i s t i n g  da ta  cannot be c e r t i f i e d  i n  t h e  immediate f u t u r e ,  we suggest t h a t  a  
l i s t  o f  t h e  da ta  sources be compi led and made a v a i l a b l e  t o  t r a n s i t i o n  research-  
e r s  so t h a t  t h e y  can eva lua te  it. I n  des ign ing  and execu t i ng  f u t u r e  v e r i f i c a -  
t i o n  exper iments t h e  f ree-s t ream c o n d i t i o n s  must be t o t a l l y  documented. The 
i n t e n s i t y  o f  t h e  t u rbu lence  i n  t h e  f r e e  stream, t h e  sca le ,  and t h e  f requency 
spectrum o f  f l o w  d is tu rbances  must be a  p a r t  o f  t h e  documentat ion.  Turbu lence 
p r o f i l e s  should be prov ided i f  a t  a11 poss ib le .  It would be h i g h l y  des i rab le  
i f  a  sampling of data could be taken when t h e  ac tua l  t r a n s i t i o n  phenomenon 
occurs so t h a t  an a n a l y t i c a l  model o f  t r a n s i t i o n  could be v e r i f i e d .  For a l l  
opera t ing  cond i t i ons  t h e  mean v e l o c i t y  p r o f i l e s  and heat  t r a n s f e r  should be a  
p a r t  o f  t h e  data se t .  Sk in f r i c t i o n  data would a l s o  be use fu l .  I n  p r e d i c t i n g  
t r a n s i t i o n  f o r  ex te rna l  aerodynamics, smal l-disturbance theory  i s  employed. 
The so-cal led en theory  has been the  most successfu l  i n  p r e d i c t i n g  t h i s  
type  o f  t r a n s i t i o n .  The t r i c k  seems t o  l i e  i n  p r e d i c t i n g  t h e  exponent, which 
i s  somewhat l i k e  throwing d ice .  T r a n s i t i o n  depends on so many parameters t h a t  
i t  i s  d i f f i c u l t  t o  p rescr ibe  what i n fo rma t i on  should be i nse r ted  i n t o  t h e  
c o r r e l a t i o n .  
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Much o f  ou r  p resenta t ion  repeats m a t e r i a l  f rom t h e  prev ious two presenta- 
t i o n s .  Group 3 was concerned w i t h  experimental  techniques. I w i l l  f i r s t  
descr ibe  what we i n t e r p r e t e d  as t h e  experimental  base requ i red  f o r  p r e d i c t i n g  
t r a n s i t i o n  and then descr ibe e x i s t i n g  measurement techniques. F i n a l l y ,  I w i l l  
comment on new experimental  techniques and how t o  expand present  techniques. 
The repo r t s  f rom groups 1  and 2 have h i g h l i g h t e d  t h e  compl icated f lows t h a t  we 
should be aware o f .  Group 3 concentrated n o t  on t h e  d e t a i l s  o f  those compl i-  
cated f lows b u t  r a t h e r  on t h e  t r a n s i t i o n  p r e d i c t i o n  i t s e l f ,  keeping i n  mind t h e  
requirements o f  t h e  r e c e p t i v i t y  problem o f  group 1  and t h e  computat ional prob- 
lems o f  group 2. I t h i n k  t h e  general  consensus o f  groups 1  and 2 as w e l l  i s  
t h a t  mean f l o w  measurements by themselves w i l l  o n l y  produce fac i l i t y -dependen t  
data.  Although these are  use fu l  measurements, o t h e r  i n fo rma t i on  i s  needed t o  
so lve  t h e  r e a l  problem. The i d e a l  s e t  o f  data must i nc lude  t h e  pressure and 
v e l o c i t y  d i s t r i b u t i o n s  i n  t h e  mean f l ow ,  t h e  background d is turbance l e v e l ,  and 
boundary-layer in fo rmat ion .  The background d is turbance l e v e l  must be d i s t i n -  
guished f rom f l u i d  tu rbu lence and f rom acous t ic  s i gna l s  o r  pressure f l u c t u a -  
t i o n s .  Acoust ic s i gna l s  can be c o r r e l a t e d  over  t h e  e n t i r e  geometry. Flow 
unsteadiness i n  a  blade row may be c o r r e l a t e d  over  a  chord bu t  n o t  necessa r i l y  
over  boundary-layer th ickness.  The t r a n s i t i o n  
c h a r a c t e r i s t i c s  w i l l  depend a  g rea t  deal on how upstream dis turbances a re  bro- 
ken up i n t o  tu rbu lence o r  pressure f l u c t u a t i o n s .  To d i s t i n g u i s h  tu rbu lence 
f rom pressure f l u c t u a t i o n s ,  t h e  spectra must be c a r e f u l l y  measured. De ta i l ed  
measurements i n  t h e  boundary l a y e r  must a l s o  i nc lude  t h e  phase i n  a d d i t i o n  t o  
t h e  ampl i tude. Phase-correlated measurements between t h e  background and t h e  
boundary l a y e r  a re  h i g h l y  des i rab le .  A measurement o f  streamwise v o r t i c i t y  
would be a  major  c o n t r i b u t o r  t o  understanding t h e  na ture  o f  t h e  background. 
I n fo rma t i on  on v o r t i c i t y  would lead  t o  an understanding o f  t h e  scales involved,  
p a r t i c u l a r l y  t h e  spanwise scales o f  t h e  oncoming t u r b u l e n t  f low.  An under- 
s tanding o f  sca le  w i t h i n  t h e  boundary l a y e r  i s  a l s o  impor tan t  - i n  p a r t i c u l a r  
spanwise scale.  It has been my experience t h a t  spanwise scales a re  as impor- 
t a n t  o r  more impor tan t  than chordwise scales. M u l t i p l e  ho t  w i res  can be 
employed i n  making simultaneous measurements o f  phase and ampl i tude. Spanwise 
measurements a re  essen t i a l  because simple two-dimensional measurements do n o t  
revea l  t h e  three-dimensional c h a r a c t e r i s t i c  o f  t r a n s i t i o n .  I n  a d d i t i o n  t o  t h e  
boundary-layer measurements, w a l l  measurements i nco rpo ra t i ng  high-frequency 
sur face  gauges and s k i n  f r i c t i o n  heat t r a n s f e r  gauges are  essen t i a l .  Coupl ing 
o f  t h e  boundary-layer measurements w i t h  t h e  w a l l  measurements i s  needed i n  
determin ing t r a n s i t i o n .  
Several s ta te -o f - the-ar t  types o f  i ns t rumen ta t i on  n o t  necessa r i l y  used 
today i n  t r a n s i t i o n  and t u r b i n e  research, can be employed i n  free-stream, 
boundary-layer, and w a l l  measurements ( t a b l e  I ) .  Laser Doppler systems and ho t  
w i res  p rov ide  t h e  basic  s t a t e  o f  t h e  f r e e  stream. The l a s e r  Doppler system 
coupled t o  a  computer can generate large-scale maps o f  f l o w  f i e l d s  i n  both 
free-stream and boundary-layer a p p l i c a t i o n s .  For  measurements near a  w a l l ,  ho t  
f i l m  o r  hea t  t r a n s f e r  gauges a r e  commerc ia l ly  a v a i l a b l e .  M i n i a t u r e  s k i n  f r i c -  
t i o n  balances have n o t  been developed f o r  use i n  turbomachinery .  Microphones 
w i l l  r eco rd  smal l  p ressure  d is tu rbances .  For  t u r b i n e  o r  shock tube  experimen- 
t a t i o n  t h e  response range f o r  f i l m  gauges must be o f  t h e  o r d e r  o f  megahertz, 
which i s  beyond t h e  range o f  most commerc ia l ly  a v a i l a b l e  f i l m  gauges. The 
gauges a re  g e n e r a l l y  sma l l  enough t o  a l l o w  s p a t i a l  r e s o l u t i o n  o f  t h e  o r d e r  o f  
50 m i l s .  Flow v i s u a l i z a t i o n  methods such as t he rma l - sens i t i ve  p a i n t s  and l i q -  
u i d  c r y s t a l s  can g i v e  l o c a l  heat  t r a n s f e r  i n f o r m a t i o n .  A t  l ow temperature a  
u s e f u l  hea t  t r a n s f e r  measurement method i s  t h e  s u b l i m a t i o n  o f  a  m a t e r i a l  such 
as naphthalene. 
Group 3 suggests a  h i e r a r c h y  o f  exper imenta l  f a c i l i t i e s  ( f i g .  1 )  t h a t  
would employ these  i n s t r u m e n t a t i o n  and exper imenta l  techn iques .  A t  t h e  t o p  i s  
t h e  a i r c r a f t  engine and a t  t h e  bot tom i s  t h e  bas i c  research  f a c i l i t y .  I n  
between a r e  cascade and low-speed r o t a t i n g  f a c i l i t i e s .  The f a c i l i t i e s  t h a t  
would be a p t  t o  supp ly  t r a n s i t i o n  da ta  a r e  marked w i t h  a  c a p i t a l  uT." I n  gen- 
e r a l ,  most o f  these  f a c i l i t i e s  can p r o v i d e  h igh- tu rbu lence  f l o w  c o n d i t i o n s ,  b u t  
t h e  same k i nds  o f  i n s t r u m e n t a t i o n  cannot be employed th roughou t  t h i s  h i e r a r c h y  
o f  f a c i l i t i e s .  
The ques t i on  a r i s e s  as t o  how c l o s e l y  each f a c i l i t y  s imu la tes  c o n d i t i o n s .  
The degree o f  approx imat ion  i s  d i f f i c u l t  t o  eva lua te .  The g r e a t e r  ins t rumen-  
t a t i o n  c a p a b i l i t y  i s  assoc ia ted  w i t h  t e s t s  t h a t  do n o t  i n c l u d e  t h e  r e a l  the rma l  
c o n d i t i o n s .  Consequently a  b e t t e r  documentat ion o f  t h e  f ree -s t ream environment 
i s  a  d i f f i c u l t  cha l lenge .  Group 3 was unable  t o  suggest any new t y p e  o f  f a c i l -  
i t y  t h a t  cou ld  be used t o  address t h i s  i ssue .  However, g i ven  t h e  p resen t  h i e r -  
a rchy  o f  f a c i l i t i e s  t h e r e  appears t o  be much t h a t  can be done w i t h  t h e  e x i s t i n g  
system t h a t  would p r o v i d e  impo r tan t  i n p u t  t o  t h e  t r a n s i t i o n  problem. E x i s t i n g  
exper imenta l  f a c i l i t i e s  should be b e t t e r  u t i l i z e d  t o  make more d e t a i l e d  meas- 
urements. Th i s  p laces  a  ma jo r  r e s p o n s i b i l i t y  on t h e  sponsor o f  t h i s  con fe r -  
ence, NASA Lewis, and o the rs  t o  devote more t i m e  and resources t o  t h e  
encouragement o f  researchers  th roughou t  t h e  h i e r a r c h y  t o  pursue bas i c  measure- 
ments t h a t  document t h e  n a t u r e  o f  t u rbu lence  and t h e  unsteady c o n d i t i o n s  t h a t  
e x i s t .  Spanwise sca les  a r e  impo r tan t  da ta  t h a t  come o u t  o f  two-po in t  measure- 
ments. One o f  t h e  s t r onges t  recommendations o f f e r e d  by group 1 and a l s o  by 
group 2 i s  t h e  documentat ion o f  t h e  f ree-s t ream environment.  Even w i t h  a  
Navier-Stokes s o l v e r ,  t h e  i n i t i a l  c o n d i t i o n s  a r e  needed t o  s t a r t  t h e  
c a l c u l a t i o n .  
The bas i c  recommendation i s  f o r  a  l a r g e  da ta  base o f  eng ine c o n d i t i o n s .  
The gene ra t i on  o f  such a  da ta  base w i l l  r e q u i r e  widespread p a r t i c i p a t i o n  
th roughou t  t h e  i n d u s t r y .  There should be a  prearranged agreement r ega rd i ng  t h e  
con ten t  o f  t h e  da ta  base and how t h e  da ta  a r e  t o  be ob ta ined  i n  o r d e r  t o  
' i c e r t i f y i '  t h e  i n f o r m a t i o n .  Care must be exe rc i sed  i n  s p e c i f y i n g  t h e  e x p e r i -  
menta l  c o n d i t i o n s  so t h a t  t h e  r e s u l t s  a r e  n o t  i n f l u e n c e d  by t h e  t e s t  f a c i l i t y .  
T h i s  requi rement  has been a l l u d e d  t o  i n  p rev i ous  d i scuss ions  d u r i n g  t h i s  sym- 
posium. A l l  exper iments i n  t h i s  area should  be independent o f  t h e  f a c i l i t y  
be ing  employed. Wi th  e x i s t i n g  i n s t r u m e n t a t i o n  and f a c i l i t i e s  much can be done 
t o  i n v e s t i g a t e  t h e  boundary l a y e r  and t h e  f r e e  stream. I mean t h i s  a l s o  as 
s e l f - c r i t i c i s m .  I have n o t  documented t h e  t r a n s i t i o n  environment as c a r e f u l l y  
as I shou ld  i n  my own exper iments.  However, c a r e f u l  documentat ion i s  c e r t a i n l y  
poss ib l e ,  and aga in  t h i s  i s  where t h e  unders tanding o f  t h e  sponsor comes i n .  
The sponsor must t a k e  t h e  t ime  and have t h e  courage t o  r e j e c t  any more t r a s h  
i n  t h e  l i t e r a t u r e .  E f f o r t s  must be begun t o  measure three-d imensional  compo- 
nents  i n  as much d e t a i l  and s p a t i a l  r e s o l u t i o n  as p o s s i b l e  w i t h  e x i s t i n g  tech-  
n iques.  But  what about  new i n s t r u m e n t a t i o n  requi rements? There i s  need f o r  a 
p ressure  gauge t h a t  w i l l  operate  beyond 5 kHz i n  h i g h  temperatures.  It w i l l  
have t o  be a  coo led probe, 50 m i l s  i n  d iameter ,  w i t h  a  l i q u i d - n i t r o g e n  channel 
f e d  i n  th rough  i t  and eve ry th i ng  k e p t  under i so the rma l  c o n d i t i o n s .  Th i s  probe 
w i l l  be d i f f i c u l t  t o  b u i l d .  The streamwise v o r t i c i t y  measurement i s  a l s o  con- 
s i de red  impo r tan t .  We need t o  f i n d  o u t  what i s  happening i n  t h e  r e a l  systems 
t o  use as feedback t o  t h e  t r a n s i t i o n  problem. We s t i l l  need t o  e s t a b l i s h  a  
l a r g e  da ta  base f o r  r e a l  engine systems. 
D i f f e r e n t  measurements can be made i n  t h r e e  ca tego r i es  o f  f a c i l i t i e s  w i t h -  
o u t  r e a l l y  pushing t h e  s t a t e  o f  t h e  a r t  and a t  t h e  same t ime  c o n t r i b u t i n g  bas ic  
unders tand ing  t o  t h e  genera l  problem. I n  t u r b i n e s  t h e r e  i s  no reason why one 
cannot g e t  a l l  o f  t h e  mean f l o w  measurements t h a t  e x i s t  as w e l l  as t h e  ampl i -  
tudes o f  t h e  f l u c t u a t i n g  components. Phase i n f o r m a t i o n  may n o t  be f e a s i b l e ,  
b u t  a t  l e a s t  t h e  ampl i tudes o f  f l u c t u a t i o n s  w i l l  g i v e  some i dea  o f  t h e  s p a t i a l  
n a t u r e  o f  these  v a r i a b l e s .  I n  l a r g e ,  low-speed s imu la to r s  we can examine t h e  
f l u c t u a t i n g  components; t h e  amp l i tude  spec t ra ,  sca les ,  and hea t  f l u x  w i l l  p ro -  
v i d e  i n f o r m a t i o n  on t r a n s i t i o n .  
Our group spent some t ime  d i scuss ing  what i n f o r m a t i o n  i s  needed t o  d i s c e r n  
t r a n s i t i o n .  A s i n g l e - p o i n t  f l u c t u a t i n g  component i s  n o t  n e c e s s a r i l y  an i n d i -  
c a t o r  o f  t r a n s i t i o n .  Other  gross f ea tu res  such as average heat  f l u x  may be 
more meaningfu l .  M u l t i p l e  h o t  w i r e s  a r e  be ing  developed t o  measure average 
hea t  f l u x .  Some i ns t r umen t  research i s  i n  p rogress  on t h e  use o f  t h e  l a s e r  
Doppler  f o r  measuring v o r t i c i t y .  Wi th  t h e  l a s e r  system t h e  ma jo r  obs tac l e  i s  
t h e  s i z e  o f  t h e  sampl ing volume. Another p o s s i b i l i t y  i n  i n s t r u m e n t a t i o n  i s  
f i e l d  imagery, which i s  an image o f  t h e  e n t i r e  f l o w  f i e l d .  C u r r e n t l y  f r i c t i o n  
o r  hea t  t r a n s f e r  gauges t h a t  have a  h i g h  dynamic response a r e  used. Wi th  smal l  
gauges i t  i s  p o s s i b l e  t o  p l ace  many o f  them on t h e  f l o w  sur faces .  Coupl ing 
t h e i r  ou tpu t s  and dynamic f l o w  measurements t o  a  computer w i l l  p rov i de  i n f o r -  
mat ion  t h a t  can be used t o  es t imate  t h e  sca le  o f  phenomena happening a t  t h e  
w a l l .  
A new techn ique  o f  f i e l d  imagery i s  l a s e r  speck le  ve l oc ime t r y .  Using t h i s  
techn ique  i n  con junc t i on  w i t h  a  l a r g e  computer makes thousands o f  da ta  p o i n t s  
a v a i l a b l e  f r om  a  s i n g l e  measurement. Cinematography i s  s t i l l  ano ther  techn ique  
w i t h  p o t e n t i a l  f o r  f i e l d  imagery. Mot ion  p i c t u r e s  o f  s c h l i e r e n  images can 
y i e l d  temporal  and s p a t i a l  sca les  o f  some o f  t h e  behav io r  t a k i n g  p l ace  i n  t h e  
f l ow ,  and t h i s  i s  c e r t a i n l y  one area t h a t  can be developed. A spanwise sca lo -  
mete r  would be a  dev i ce  t o  a s c e r t a i n  s p a t i a l  sca les  i n  t h e  f l o w  more o r  l e s s  
i ns tan taneous l y .  
Our group d iscussed t h e  r e q u i r e d  accuracy o f  t h e  suggested ins t rumenta -  
t i o n .  Th i s  symposium gave no c l ues  rega rd i ng  t h e  accuracy needed t o  s p e c i f y  
t r a n s i t i o n ,  so accuracy requi rements  remain an open ques t ion .  Group 3 a l s o  
wondered when and i f  t r a n s i t i o n  w i l l  become a  h i g h e r  o rde r  element i n  des ign  
p r a c t i c e .  Perhaps when we understand more about  t r a n s i t i o n ,  we w i l l  be a b l e  
t o  e l i m i n a t e  some o f  t h e  u n c e r t a i n t y  t h a t  i t  poses i n  des ign  p r a c t i c e .  How- 
ever ,  a t  t h i s  p o i n t  i t  i s  a  ma jo r  f a c t o r .  Accuracy requi rements  f o r  t r a n s i t i o n  
measurements should  be addressed. 
TABLE I. - INSTRUMENTATION FOR FLUCTUATIONS 
AND DYNAMIC TRANSITIONS 
Measurement Inst rument  
I 
Free stream Laser Doppler ve loc imeter  
(need h igh  u ' ;  no phase) 
Hot w i r e  
Boundary l a y e r  
Engine 
Laser Doppler ve loc lmeter  
Hot w i r e  ( l i m i t  on number 
o f  w i res )  
Smoke w i r e  ( low v e l o c i t y )  
Wall  
Cold rig 
F i l m  gauge (10 kHz - 0.1 MHz) 
P i e z o f i l m  (under development) 
Pressure (m ic ro~hone)  
pjTIT 
cascade 
Twodimensional Large, low 
research 
Figure 1. - Hierarchy of experimental facilities, where T denotes the abi 1 i ty to measure transition. 
DISCUSSION PERIOD FOLLOWING 
GROUP PRESENTATIONS 
T h i s  sess ion  o f  t h e  symposium was c h a i r e d  by E l i  Reshotko. He reminded 
t h e  aud ience t h a t  t h e  t h r e e  groups who r e p o r t e d  addressed d i f f e r e n t  i ssues .  
The f i r s t  was concerned w i t h  t h e  e f f e c t s  o f  upstream c o n d i t i o n s ,  wake d i s t u r -  
bances, combustion, e t c . ,  on t u r b i n e  en t rance  c o n d i t i o n s .  The second addressed 
a n a l y t i c  and computat iona l  techn iques t o  p r e d i c t  t u r b i n e  f l o w  and hea t  t r a n s -  
f e r .  The t h i r d  group examined measurement techn iques  and d iscussed t h e  t ypes  
o f  measurements t h a t  must be made. The moderator  asked t h e  audience t o  address 
t h e i r  ques t ions  t o  t h e  a p p r o p r i a t e  group. 
The f i r s t  comment came f rom Mark Morkovin,  who i n  commenting on t h e  f i r s t  ' 
g roup emphasized t h a t  t h e  t u r b i n e  environment i s  an accumu la t i ve  r e s u l t  o f  
upstream, la rge-amp l i tude  d is tu rbances  and consequent ly  i s  q u i t e  d i f f e r e n t  f rom 
t h e  c o n d i t i o n s  o f  low-ampl i tude d i s t u r b a n c e s  t r e a t e d  i n  gas dynamics 
a p p l i c a t i o n s .  
John Adamczyk o f  NASA Lewis p o i n t e d  o u t  t h e  c h a l l e n g e  o f  r e p r e s e n t i n g  
m u l t i s t a g e  f l o w  e f f e c t s  i n  a  computer code. The computer s to rage  necessary t o  
r e p r e s e n t  t h e  Reynolds-averaged Navier-Stokes equa t ion  f a r  exceeds t h e  c a p a c i t y  
o f  e x i s t i n g  computers. The c l o s u r e  prob lem f o r  a  m u l t i s t a g e  machine t h a t  com- 
prehends t h e  va r iance  i n  t h e  f l o w  f rom b l a d e  row t o  b l a d e  row must be 
addressed. Data a r e  needed t o  h e l p  f o r m u l a t e  such a  c l o s u r e  model. 
Bryan Roberts concurred w i t h  Adamczyk's comments on m u l t i s t a g i n g .  I n  
d e s i g n i n g  a  m u l t i s t a g e  machine, i t  i s  i m p o r t a n t  t o  match t h e  f i r s t  b l a d e  rows 
i n  o r d e r  t o  a v o i d  a  p r o g r e s s i o n  o f  mismatches t h a t  c a r r y  th rough  t h e  machine. 
Rober t  concluded h i s  commentary by a s k i n g  f o r  g r e a t e r  d e f i n i t i o n  o f  t h e  k i n d  
o f  f l o w  exper iment needed t o  t e s t  a n a l y t i c a l  methods. 
Helen Reed o f  S t a n f o r d  responded by sugges t ing  t h a t  t h e  exper iment should  
be designed w i t h  a  c o n t r o l l e d  f ree -s t ream d i s t u r b a n c e  t h a t  can be e a s i l y  
i d e n t i f i e d .  The i n i t i a l  and boundary c o n d i t i o n s  must be e a s i l y  s p e c i f i e d .  
Ron York o f  A l l i s o n  commented t h a t  l i t t l e  i s  known on how t o  s p e c i f y  
t r a n s i t i o n  i n  an exper iment.  A t ime-averaged concept  o f  t r a n s i t i o n  as some 
average between t h e  l a m i n a r  and t u r b u l e n t  s t a t e s  i s  n o t  adequate. Perhaps t h e  
emphasis ought  t o  be on a  d e t a i l e d  measurement o f  how t u r b u l e n c e  develops and 
t h e  a s s o c i a t e d  p r o d u c t i o n  and d i s s i p a t i o n  processes.  
Henry Nagamatsu suppor ted Y o r k ' s  comment about  t i m e  averag ing  b e i n g  
inadequate.  He advocated use o f  t h i n  f i l m  gauges t o  o b t a i n  ins tan taneous  
measurements i n  t h e  t r a n s i t i o n  zone. Exper ience i n  t h e  shock tube  has shown 
t h e i r  r a p i d  response (1 usec).  
E l i  Reshotko i n j e c t e d  a  c a l l  f o r  g r e a t e r  unders tand ing  o f  t h e  l a m i n a r  o r  
t u r b u l e n t  boundary l a y e r s  p reced ing  and f o l l o w i n g  t h e  t r a n s i t i o n  zone. They 
d i f f e r  f rom t h e  c l a s s i c a l  ones desc r ibed  i n  t e x t s .  
Mark Morkov in  cau t ioned  t h a t  a  concept  o f  t u r b u l e n t  spots  t h a t  i s  based 
on a  w a t e r  t a b l e  v i s u a l i z a t i o n  may n o t  be a  v a l i d  model o f  t u r b u l e n t  p r o d u c t i o n  
i n  a  h i g h l y  d i s t u r b e d  environment.  The process o f  t r a n s i t i o n i n g  a b u f f e t e d  
l a m i n a r  boundary l a y e r  t o  a  f u l l y  t u r b u l e n t  c o n d i t i o n  i s  go ing  t o  be more com- 
p l i c a t e d  i n  a  h i g h l y  d i s t u r b e d  environment t han  i n  t h e  more f a m i l i a r  qu iescen t  
environment.  The p o t e n t i a l  i n t e r a c t i o n  o f  t h e  spo ts  has n o t  been i n v e s t i g a t e d .  
Reshotko requested t h a t  some d i scuss ion  be focused more d i r e c t l y  on 
i n s t r u m e n t a t i o n  and.measurement techniques.  
Bryan Roberts l e d  o f f  by commenting on t h e  way a i r c r a f t  t u r b i n e  engines 
a r e  ma in ta ined  i n  overhaul  se r v i ce .  Rather  crude methods f o r  reshaping t h e  
b lades and l i t t l e  apparent  e f f o r t  t o  regroup t h e  blades on a t u r b i n e  d i s k  o r  a  
compressor wheel a r e  ev iden t .  Th i s  shock ing p r a c t i c e  makes one wonder about  
accuracy i n  research  measurement. 
Gordon P i c k e t t  of P r a t t  & Whitney asked Group 3 t o  comment on t h e  use o f  
LDV methods f o r  making measurements w i t h i n  t h e  boundary l a y e r .  Do we need t o  
s t a r t  w i t h  l a rge -sca le  models t o  g e t  these  da ta?  
Anthony S t r a z i s a r  o f  Lewis answered t h a t  i t  may be ve ry  d i f f i c u l t  t o  
measure t h e  t r a n s i t i o n a l  boundary l a y e r  w i t h  LDV even on l a rge -sca le  b lades 
( cho rd  o f  1  f t ) .  The LDV anemometer has a lower  s i z e  l i m i t .  
B i l l  S a r i c  o f  Ar izona S t a t e  added t h a t  i f  t h e  t e s t s  cou ld  be done i n  
l a rge -sca le  s imu la to r s ,  LDV techniques i n  t h e  boundary- layer  measurements would 
. p r o b a b l y  work. D is turbances o f  10  t o  20 pe rcen t  would p robab l y  be de tec tab le .  
The ques t i on  was r a i s e d  as t o  whether t h e r e  i s  a  s u b s t a n t i a l  research  
e f f o r t  toward accommodating LDV t o  high-speed c o n d i t i o n s  and t h e  sca le  o f  r e a l  
engines . 
Nagamatsu c i t e d  some exper ience he had i n  t h e  e a r l y  1970 's  i n  which LDV 
was s u c c e s s f u l l y  employed i n  supersonic  j e t  research  a t  modest sca les.  
Tony S t r a z i s a r  responded t o  t h e  ques t i on  by s t a t i n g  i n  encouraging terms 
t h a t  t h e  LDV techno logy  f o r  sma l l e r  s ca le  measurements i s  near  a t  hand. Sup- 
p o r t  o f  i n s t r u m e n t a t i o n  research i s  c r i t i c a l  a t  t h i s  t ime .  NASA-sponsored 
research  a t  Penn S t a t e  i s  c u r r e n t l y  a b l e  t o  demonstrate measurements i n  bound- 
a r y  l a y e r s  t h a t  a r e  about  1/10 i n  t h i c k .  Advancing t h i s  techn ique  w i l l  r e q u i r e  
t h e  p e r s i s t e n t  pushing o f  those  who want it. 
Nagamatsu commented t h a t  t h i n  f i l m  gauges may be t h e  p r e f e r r e d  ins t rumen-  
t a t i o n  f o r  d e t e c t i n g  t r a n s i t i o n ,  e s p e c i a l l y  t r a n s i e n t ,  i n t e r m i t t e n t  phenomena. 
F o l l o w i n g  t h e  t r a c e  p a r t i c l e s  i n  an LDV system may prove t o  be ve ry  d i f f i c u l t .  
B i l l  S a r i c  p o i n t e d  o u t  t h a t  f l o w  f i e l d  measurements a r e  needed i n  a d d i t i o n  
t o  w a l l  o r  boundary- layer  measurements. The l a s e r  systems a r e  capable o f  mak- 
i n g  f i e l d  measurements. However, i t  i s  necessary t o  c o r r e l a t e  t h e  f i e l d  and 
w a l l  measurements. 
E l i ' R e s h o t k o  asked f o r  comments on t h e  a v a i l a b i l i t y  o f  mult icomponent 
laser-measur ing systems and two-po in t  measurements. 
S t r a z i s a r  responded t h a t  two- and three-d imensional  systems do e x i s t .  
Such systems r e s u l t  i n  a  l a r g e r  measuring volume. These mu l t i d imens iona l  sys- 
tems have n o t  reached t h e  p o i n t  of be i ng  a p p l i c a b l e  t o  boundary- layer i n v e s t i -  
g a t i o n s .  Two-point l a s e r  measurements cannot be c o r r e l a t e d  i n  t h e  manner o f  
ho t -w i r e  s i g n a l s .  One method would be t o  generate  two probe volumes, b u t  t h i s  
r a i s e s  problems of co inc idence  o f  measur ing t h e  same p a r t i c l e  i n  each volume. 
Reshotko i n t r oduced  t h e  ques t i on  o f  s c a l e  measurements w i t h  LDV systems. 
The co inc idence  problem a f f e c t s  t h e  de te rm ina f i on  o f  s c a l e  e s p e c i a l l y  s i nce  
sca le  can be i n  bo th  t h e  spanwise and l o n g i t u d i n a l  d i r e c t i o n s .  It i s  n o t  
apparent  whether t h e  l a s e r  i n s t r u m e n t a t i o n  can be used t o  determine sca le .  
As t h e  d i scuss ion  grew t o  a  c lose ,  David Winstan ley commented t h a t  t h e  
i n s t r u m e n t a t i o n  group f e l t  i t  was impo r tan t  t o  e x p l o i t  t o  a  g r e a t e r  degree t h e  
t e s t  r i g s  and ins t ruments  we have be fo re  d e v i s i n g  new r i g s  and ins t ruments .  
Helen Reed advocated t h e  need t o  compi le  and assess a l l  a v a i l a b l e  t r a n s i -  
t i o n  da ta .  Helen a l s o  r a i s e d  t h e  ques t i on  o f  a  f u t u r e  meet ing o f  t h i s  t ype .  
Her group s t r o n g l y  favored such an event .  
Fo l l ow ing  these  remarks E l i  Reshotko expressed h i s  a p p r e c i a t i o n  t o  t h e  
r e s t  o f  t h e  p l ann ing  committee and t o  Mary L e s t e r  o f  Lewis f o r  t h e  e f f e c t i v e  
management o f  t h e  arrangements. 
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I wish t o  add my thanks t o  t h a t  expressed by E l i  Reshotko f o r  t h e  p lanning 
and execut ion o f  t h e  symposium. I a l s o  thank a l l  o f  you f o r  your p a r t i c i p a -  
t i o n .  It has been, t o  me, a very e x h i l a r a t i n g  experience t o  have such a group 
o f  outstanding people who represent  a number o f  areas o f  i n t e r e s t  i n  t h i s  whole 
problem, i n c l u d i n g  t h e  p r a c t i c a l  and t h e  t h e o r e t i c a l .  I w i l l  at tempt t o  sum- 
marize what I heard from t h e  th ree  groups who repor ted i n  t h e  p lenary  session. 
I n  t h e  area o f  experiments, we seem t o  have come t o  t h e  consensus t h a t  we 
need some k i n d  o f  c e r t i f i e d  way o f  having these data made a v a i l a b l e  t o  t h e  
engineer ing community. It was agreed t h a t  more experiments i n  steady f low,  
i n c l u d i n g  two-dimensional f low,  a re  requi red.  Two-dimensional t r a n s i t i o n  data 
should have p r i o r i t y .  
An e f f o r t  i s  requ i red  i n  s imu la t i ng  combustion e x i t s  wakes and more severe 
turbulence.  I n  a d d i t i o n  t o  more i n v e s t i g a t i o n  i n  steady f low,  experiments are  
requ i red  i n  unsteady f l o w  and wake t ranspor t .  Such s tud ies  would encapsulate 
much o f  t h e  three-dimensional f l o w  e f f e c t s .  
A l l  o f  t h e  groups recommended b e t t e r  use o f  t h e  e x i s t i n g  f a c i l i t i e s  w i t h  
focus on measurement techniques i n  those f a c i l i t i e s .  For t h e  c e r t i f i c a t i o n  o f  
an experiment a considerable amount o f  i n fo rma t ion  w i l l  be requ i red  about t h e  
f a c i l i t y ,  t h e  inst rumentat ion,  and t h e  experimental procedure. 
I n  a d d i t i o n  t o  making f u l l  use o f  a v a i l a b l e  f a c i l i t i e s  and instrumenta- 
t i o n ,  inst rument  research needs encouragement. This  was a l s o  recommended i n  a 
heat t r a n s f e r  workshop he ld  i n  1980. Improved inst ruments t o  measure pressure, 
v o r t i c i t y ,  f i e l d  imagery, and scale a re  important .  
A "h ie rarchy  o f  f a c i l i t i e s "  was mentioned several  t imes. A vers ion  o f  
t h i s  concept t h a t  I have used i s  a s t r u c t u r e  o f  b u i l d i n g  blocks ( f i g .  1 ) .  The 
base b lock i s  basic  science. The nex t  h igher  b lock i s  phys ica l  modeling. 
Above t h a t  i s  model v e r i f i c a t i o n .  The f o u r t h  l e v e l  invo lves  t e s t i n g  the  code 
i n  as near t o  r e a l  engine cond i t ions  as one can ge t  i n  a f a c i l i t y .  Beyond t h e  
h ie rarchy  i s  t h e  a p p l i c a t i o n  t o  ac tua l  design p r a c t i c e .  
I n  t h e  computational area the re  i s  c e r t a i n l y  a need f o r  t h e  aevelopment 
o f  a t r a n s i t i o n  model. Helen Reed's group seemed t o  t h i n k  t h a t  t h e  Navier- 
Stokes s imu la t i on  i s  t h e  best  approach. However, improved empi r ica l  models may 
serve an i n t e r i m  r o l e  u n t i l  t h e  more soph is t i ca ted  models become ava i l ab le .  
V o r t i c i t y  representat ions a re  another op t i on  t h a t  was mentioned i n  connect ion 
w i t h  the  combustion presenta t ion .  We a l s o  need Navier-Stokes solvers,  LES 
so lvers ,  and some way o f  represent ing t h e  v o r t i c i t y .  
Strong i n t e r a c t i o n  between t h e  computa t iona l is ts  and the  exper imenta l i s ts  
was a l s o  recommended. This k i n d  o f  i n t e r a c t i o n  i s  needed t o  ge t  the  physics 
i n t o  t h e  computat iona l  model. It i s  necessary f o r  t h e  exper iments and i n  t h e  
v e r i f i c a t i o n  o f  computat iona l  codes. 
Th i s  symposium has been a g r e a t  exper ience.  I would l i k e  t o  c l o s e  w i t h  a  
f i n a l  remark - and I am speaking f o r  NASA. Somebody asked, how impo r tan t  i s  
t r a n s i t i o n ?  Wel l  t o  some o f  us i t  i s  h i g h l y  impo r tan t .  To t h e  whole o f  NASA 
i t  i s  hard  t o  answer t h a t  ques t ion .  There i s  always compe t i t i on  f o r  many 
t h i n g s .  A l though we a t  Lewis organized t h i s  symposium and promoted i t s  impor- 
tance,  suppor t  f o r  t h e  program i s  i n  compe t i t i on  f o r  NASA fund ing .  I can 
assure you t h a t  those o f  us on t h e  p l ann ing  committee w i l l  be s t r ong  advocates 
o f  t h i s  program. I cannot promise t h a t ,  because o f  t h i s  symposium, NASA 
Headquarters i s  now go ing  t o  r e l ease  some fund ing  and suppor t  t o  t h i s  area. I 
do n o t  want you t o  go away w i t h  t h a t  impress ion.  I n  t h e  l a s t  3 years  t h i s  area 
has grown s i g n i f i c a n t l y ;  t h e  r e p o r t s  g i ven  yes te rday  c e r t a i n l y  v a l i d a t e  t h a t .  
However, I do make a p l e a  t o  you t o  advocate t h e  program. U n i v e r s i t i e s ,  
i n d u s t r i e s ,  and p r i v a t e  consu l t an t s  must be heard by those  who make t h e  dec i -  
s i o n  on t h e  fund ing .  So, I e n l i s t  your  suppor t  i n  h e l p i n g  us t o  con t i nue  t h i s  
k i n d  o f  work. Bas ic  research, which much o f  t h i s  i s ,  i s  d i f f i c u l t  t o  j u s t i f y  
and m a i n t a i n  suppor t  f o r ,  as many o f  you know. We must a l s o  r e a l i z e  t h a t  t h e  
end p roduc t  o f  t h e  research must e v e n t u a l l y  reach t h e  des igners  and t h e  engine 
manufacturers .  There must be a b r i d g e  between bas i c  research and p r a c t i c a l  
a p p l i c a t i o n .  We must be suppo r t i ve  o f  one ano ther  i n  advoca t ing  these  p o s i -  
t i o n s .  I do n o t  know what t h e  1985 budget w i l l  be, I do n o t  know what t h e  1986 
budget w i l l  be, b u t  I can assure you t h a t  some o f  us a r e  go ing  t o  t r y  o u r  b e s t  
t o  keep t h i s  program i n  con ten t i on .  I hope your  suppor t  w i l l  be t h e r e  too .  
Now, as f o r  t h e  f u t u r e  I do n o t  know when we should reconvene. But,  I 
would l i k e  t o  see t h i s  k i n d  o f  symposium happen aga in  a f t e r  we r e p o r t  back on 
what we have done. Perhaps i t  migh t  be a p p r o p r i a t e  t o  t r y  a  da ta  c e r t i f i c a t i o n  
conference s i m i l a r  t o  t h e  S tan fo rd  computat iona l  conferences t h a t  have been 
he ld .  I cannot foresee what t h e  conference o r  symposium w i l l  be l i k e ,  b u t  I 
t a k e  i t  t h a t  you would l i k e  t o  have ano ther  symposium on t r a n s i t i o n  i n  t h e  no t -  
t o o - d i s t a n t  f u t u r e .  Wi th  t h a t  comment I d e c l a r e  t h e  Symposium on T r a n s i t i o n  
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